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Abstract
Clouds are poorly represented in climate models. This has been attributed to factors that
include simulating too little cloud cover and under-representing the amount of supercooled
liquid water in clouds. This leads to biases the cloud radiative effect, which in turn causes
a positive shortwave radiation bias over the Southern Ocean, where too much sunlight is
hitting the surface of the ocean. This thesis presents an analysis of the 2BCL5 and DAR-
DAR satellite datasets, as well as comparison with the ground based AWARE dataset. This
work was undertaken with the aim of collecting and comparing satellite and ground based
observations of cloud to develop a representation of the vertical structure of clouds and their
phase over the Southern Ocean.
Comparisons between 2BCL5 and DARDAR found that the two display differences in the
amount of cloud observed. 2BCL5 detects more clouds than DARDAR, except below 1 km
where DARDAR shows a greater amount of cloud. The two also show differences in their
partitioning between the ice, mixed and liquid cloud phases. 2BCL5 always detects more
mixed phase cloud while DARDAR mostly classifies as either ice or liquid phase. This was
found to be due to differences in the way the datasets classify cloud; 2BCL5 will generalise
a whole cloud layer as mixed phase cloud if it detects both ice and supercooled liquid water
while DARDAR will classify the parts of cloud that are ice, liquid, and mixed phase sepa-
rately.
Comparisons between 2BCL5/DARDAR and AWARE find that 2BCL5 matches better with
AWARE than DARDAR does. Between 1.5 km and 4.5 km 2BCL5 agrees with AWARE
while DARDAR shows a greater spread. These differences were found to be statistically sig-
nificant. Below 1.5 km neither satellite dataset matches better with AWARE, even though
DARDAR sees more cloud below 1km than 2BCL5. DARDAR seeing more cloud can likely
be attributed to a greater amount of false positives where DARDAR is classifying noise in
the radar signal incorrectly as cloud. Above 7 km neither 2BCL5 or DARDAR does a good
job matching with AWARE, which highlights the limitations of AWARE at high altitudes
rather than the satellites seeing the same amount of cloud.
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1.1 Clouds and their role in the climate
When it comes to the Earth’s climate, clouds play a critical role. They can act to cool the
climate by reflecting incoming solar radiation back into space. Clouds also absorb outgoing
infrared radiation and re-radiate it back towards the surface, trapping heat and causing
the surface climate to warm. Clouds are formed when air rises and water vapor condenses
into cloud droplets. Eventually enough cloud droplets are created to form a visible cloud.
The atmosphere is in hydrostatic balance, where the downward force of gravity balances
the upward force of the vertical pressure gradient (Marshall & Plumb, 2008; Cook, 2013).
The pressure gradient is given by the total mass of the atmosphere above a height. Clouds
form because as air rises the pressure decreases, due to there being less weight from the
atmosphere above. This decrease in pressure causes the air to expand and as it expands its
temperature decreases. The rate temperature changes as air rises and falls in the atmosphere
is known as the lapse rate, and for dry air moving adiabatically (no loss or gain of heat) the
value is approximately 10 K km-1 and called the adiabatic lapse rate. For moist air where
the condensation of water vapor occurs, there is a release of latent heat that offsets the
cooling. This causes the adiabatic lapse rate to decreases to 3 K km-1 in the lower tropical
troposphere. This is called the moist adiabatic lapse rate which rises to become close to that
of dry air in the upper troposphere as there is a lesser release of latent heat (Smith, 1986;
Marshall & Plumb, 2008). As air rises it can hold less water vapor, so once a critical thresh-
old is reached the excess water vapor condenses into clouds. Water vapor needs a surface to
condense, such as dust, pollen, and other aerosols called cloud condensation nuclei (Boucher
et al., 2013).
The effect clouds have on Earth’s global mean energy budget can be seen in Figure 1.1,
taken from a study by Kiehl and Trenberth (1997). It shows 77 Wm-2 (˜22%) of all in-
coming shortwave radiation being reflected primarily by clouds, with some reflection due
to aerosols and the atmosphere (Barry & Carleton, 2001). Incoming shortwave radiation
consists of wavelengths between 0.1 μm and 3 μm (Visconti, 2016). This is comprised of
visible and ultraviolet light, as well as the near infrared part of the electromagnetic spec-
trum. A large amount of outgoing longwave radiation is emitted by the Earth’s surface,
although most of this is absorbed by clouds and atmosphere, then reradiated in many di-
rections. Much of this is redirected back towards the surface. Longwave radiation consists
of wavelengths between 4 μm and 100 μm in the thermal infrared part of the electromag-
netic spectrum (Marshall & Plumb, 2008). Different types of cloud have different properties
that affect how they interact with radiation. High level clouds consisting mainly of ice tend
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to transmit the incoming radiation while trapping outgoing longwave radiation, having a
warming effect. Low level clouds generally have a higher albedo and are composed of more
liquid water, tending to reflect the incoming solar radiation and have a cooling effect at the
surface (Quante, 2004; Vergara-Temprado et al., 2018). Thus, details about cloud distribu-
tion and changes to that distribution can have a significant impact on the Earth’s surface
climate. Overall research suggests that clouds provide a net cooling, with a cloud radia-
tive effect (the difference in the radiative effects between cloudy and clear sky conditions) of
approximately 20 Wm-2 (Wielicki et al., 1995; Kiehl & Trenberth, 1997; Boucher et al., 2013).
Figure 1.1: Global mean energy balance of the Earth showing the incoming and outgoing
radiation. All units are in Wm-2 (Kiehl & Trenberth, 1997).
As well as the reflection and absorption of radiation, clouds also play an important part in
the global transfer of energy. While incoming solar radiation will be essentially parallel, the
amount of energy per unit surface area at the equator will be greater than at the poles be-
cause of the spherical geometry of the Earth. Due to the tilt of Earth’s axis by 23.5 degrees,
during summer each pole will be titled towards the sun and receive solar radiation. During
the winter season each pole will be tilted away from the sun and receive no solar radiation
(Marshall & Plumb, 2008). It is a combination of these two effects that determine Earth’s
annual energy balance between net shortwave and longwave radiation as shown in Figure
1.2 (Pidwirny, 2006), which is dependent on latitude.
As expected, the blue curve shows the that shortwave radiation has a maximum over the
tropics and a minimum at the poles. Conversely the red curve showing the longwave radi-
ation displays a maximum over the poles and a minimum over the tropics. This difference
causes a surplus of energy at the tropics and a deficit of energy at the poles. This implies
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that there must be a transport of energy from low to high latitudes because the balance
of incoming/outgoing energy must be satisfied. This meridional transfer of heat energy is
carried out by the atmosphere and oceans, driven by the temperature difference between the
equator and the poles.
Figure 1.2: Balance between average net shortwave and longwave radiation from 90◦ North to
90◦ South. It shows a surplus of energy at the equator and a deficit at the poles, suggesting
that surplus heat must be transferred to higher latitudes by the atmosphere and ocean
(Pidwirny, 2006).
The majority of the atmospheric meridional heat transport is achieved by the Hadley circu-
lation in the tropics, whereas at mid to high latitudes heat transport is achieved by eddies
generated through a process known as baroclinic instability. The Hadley circulation causes
an upwelling of warm, moist air at the equator. Once it rises, more upwelling air from below
pushes the air outwards towards higher latitudes. As it then cools, the air releases moisture
and sinks at the subtropics as it warms adiabatically during its descent. This warm, dry
air then flows back towards the equator where it gains moisture and once again rises again,
completing the cycle of Hadley circulation. Baroclinic instability arises from Earth’s rota-
tion and is associated with small perturbations from the mean flow of air circulation. These
perturbations grow by converting available potential energy from the temperature gradient
between the equator and poles into kinetic energy (Holton, 2004; Vallis, 2006). It is these
eddies that stir the atmosphere, carrying warm air poleward and cool air towards the equator.
Most of the oceanic meridional heat transport is achieved by either the deep-oceanic Ther-
mohaline or the surface wind-driven circulation. The Thermohaline circulation, controlled
both by temperature and salinity variations, causes cold, salty water located at the polar
regions to sink. This water is then transported deep in the ocean towards the tropics where
it then rises. The cold, polar water is replaced by warmer water that flows from the tropics
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towards the poles by surface currents. Once it reaches the polar regions the water cools, as
the formation of sea ice acts to reject salt; This makes the underlying water saltier. This
cold, salty water will once again sink, continuing this transport of energy poleward (Bigg et
al., 2003).
Clouds play a role in the atmospheric component of meridional heat transport. In the trop-
ics where Hadley Circulation transports heat towards the poles, cumulonimbus clouds are
the primary mechanism for vertical heat transport (Marshall & Plumb, 2008). High cu-
mulonimbus clouds over the equator transport water vapour, and therefore latent heat, up
into the atmosphere. This is then transported horizontally to higher latitudes, where it
condenses and releases its latent heat as precipitation (Quante, 2004). For eddies generated
by baroclinic instability, a sizable portion of energy transfer is associated with cloud and
the transport of latent heat. This can be seen in Figure 1.3 (NASA, 2013) which shows the
cloud coverage on July 11, 2005, based largely on observations from the Moderate Resolution
Imaging Spectroradiometer (MODIS; NASA 2013). Eddies can be seen in the cloud struc-
ture at mid latitudes in both hemispheres. This shows a coupling between cloud and the
meridional transport of heat. Eddies produced through baroclinic instability produce cloud
perturbations that aid in transporting warmer air towards the poles and cooler air towards
the equator.




While clouds are important in the global energy balance and meridional energy transport,
they are but a part of the many components and processes that determine the state of
the climate. The IPCC Third Assessment Report (IPCC, 2001) defines the climate system
as consisting of five important components: the atmosphere, cryosphere, hydrosphere, bio-
sphere and the land surface.
The atmosphere consists of the mass of air and other gases that surround Earth. Green-
house gases such as methane (CH4) and carbon dioxide (CO2) absorb the outgoing radiation
and re-radiate it back towards the surface to cause a warming effect, similarly to clouds.
While this is similar to clouds, greenhouse gases lack the reflectivity of clouds that can also
generate a cooling effect. Some gases, such as ozone (O3), behave as a greenhouse gas in
the troposphere where it absorbs longwave radiation. However at higher levels in the strato-
sphere it absorbs incoming shortwave radiation, which has a significant effect on the amount
of energy that reaches the surface (Cook, 2013). The atmosphere also consists of clouds and
aerosols. As discussed earlier in the chapter, clouds have a net cooling effect of 20 Wm-2.
The effects of aerosols, like clouds, can also act to both warm and cool. While aerosols can
act to scatter the incoming sunlight and produce cooling, some have a strong absorbing effect
that produces warming (Myhre et al., 2013a).
Figure 1.4 shows the impact different anthropogenic sources have on the amount of energy
absorbed by the Earth and reflected back to place, also called the radiative forcing (Myhre
et al., 2013b). The figure also includes a concept of effective radiative forcing, that allows for
variables such as aerosols and cloud cover to respond to the forcing agents like greenhouse
gases. A positive radiative forcing here means that they absorb more than they reflect and
provide a net warming. It shows that greenhouse gases such as CO2 produce most of the
positive radiative forcing, but are offset by negative forcing such as aerosol-cloud interac-
tions. They find the best estimate of total anthropogenic radiative forcing to be 2.29 Wm-2.
Aerosols also play an important role in the formation of clouds serving as cloud conden-
sation nuclei and ice nucleating particles upon which cloud droplets and ice crystals can
form (Boucher et al., 2013). This means the amount of aerosol also affects the amount of
cloud which in turn changes the climate system. As discussed earlier in the chapter, the
atmosphere is also important for the energy transfer towards the poles from the tropics.
The hydrosphere consists of all liquid water on the surface of the Earth. This includes fresh-
water sources such as lakes and rivers, or saltwater sources such as the oceans. The oceans
in particular, which cover approximately 70% of the Earth’s surface, play an important role
in the storage and transport of heat. Thermohaline circulation, as discussed earlier, causes
cold, salty water located at the polar regions to be transported deep in the ocean towards
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Figure 1.4: Radiative forcing (hatched) and effective radiative forcing (solid) for the period
between 1750 and 2011. Uncertainties (5 to 95% confidence range) are given for radiative
forcing (dotted lines) and effective radiative forcing (solid lines; Mhyre et al., 2013b).
the tropics, where it then rises (Bigg et al., 2003). The ocean also stores large amounts of
CO2 that have been released into the atmosphere. A recent study by Gruber et al. (2019),
investigated the amount of CO2 stored in the ocean between 1994 and 2007. They found
that 34 ± 4 petagrams of carbon had been stored, equivalent to 31 ± 4% of the global
anthropogenic CO2 emissions over this period.
The cryosphere consists of surface ice, such as glaciers, snow, sea ice, and the Antarctic and
Greenland ice sheets. Due to the high albedo of ice the cryosphere is important for the
reflection incoming solar radiation.
The biosphere is the part of Earth consisting of living organisms, both marine and terrestrial.
The biosphere influences the intake and release of greenhouse gases such as methane and
nitrous oxide (Boucher et al., 2013), with vast amounts of carbon from carbon dioxide being
stored in plants. The land surface represents the topography and coverage of the terrestrial
surface of the Earth. Different types of vegetation and soil change the surface albedo and
influence how absorbed solar energy from the sun is returned to the atmosphere. Plants can
also act to draw moisture from the soil and transfer it into the atmosphere (Viterbo, 2002).
6
All parts of the climate system are linked together and interact with each other in many
processes. This is shown in Figure 1.5, a schematic of the interactions between the five
components of the climate system (IPCC, 2001). The ocean and atmosphere are coupled
together. For example, atmospheric winds drive ocean circulation and sea surface tem-
peratures. In turn sea surface temperatures affect the atmospheric winds and circulation
(Fedorov, 2008). Sea surface temperatures also affect the exchanges of heat and moisture
between the atmosphere and ocean. High sea surface temperatures means more moisture
which condenses into low level clouds in the marine boundary layer. These clouds reflect
incoming solar radiation and cool the surface in a negative feedback (Leahy et al., 2013;
Fallmann et al., 2017). The exchange of aerosols and particles between the ocean and at-
mosphere are also important. Much carbon dioxide is stored in the oceans, entering from
the atmosphere in cold polar water. It then sinks into the deep ocean and is released back
into the atmosphere in warm upwelling water near the equator (IPCC, 2001). Exchanges of
water between the atmosphere, land and ocean form the basis of the water cycle which acts
to cool the oceans through evaporation due to latent heat. This latent heat is then released
into the atmosphere during precipitation (Trenberth & Stepaniak, 2006). The atmosphere
is linked to the land surface by its roughness and topography, which influences the winds in
the lower part of the atmosphere and affects circulation. The cryosphere sea ice inhibits the
exchange of energy between the ocean and atmosphere, but also has influences on the ocean
circulation (Boucher et al., 2013). These are just a few examples of the numerous linked
processes impacting the climate.
Figure 1.5: The components of the global climate system (bold), their processes and inter-
actions (thin arrows), and some of the aspects that may change (bold arrows) as the climate
system changes (IPCC, 2001).
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1.3 Climate Models
1.3.1 General Circulation Models
General Circulation Models (GCMs) have been developed to model the climate system us-
ing a set of governing equations. These equations are used to mathematically simulate the
transfer and interaction of both energy and matter throughout the atmosphere, land and
oceans. Typically GCMs come in the form of an Atmospheric General Circulation Model
(AGCM), Oceanic General Circulation Model (OCGM), or an Atmosphere-Ocean General
Circulation Model (AOGCM) that couples both atmosphere and ocean together. GCMs
also often include Land Surface Models (LSMs) which represent the exchange of energy
and water between land surfaces and atmosphere/ocean and models to represent the for-
mation and interactions of sea ice. LSMs also determine the surface coverage with snow,
ice, glaciers, natural vegetation, managed vegetation, and urban environments able to be
simulated (Cook, 2013).
GCMs break the surface of the Earth up into a three dimensional grid made up of a number
of cells with a specified size This separates the Earth into horizontal and vertical layers, as
can be seen in Figure 1.6 (Schneider et al., 2017). The spatial resolution of GCMs varies
between models, but for AGCMs a horizontal resolution of between 100 - 200 km and vertical
resolutions of less than a kilometer is typical, which OGCMs tend to have a greater reso-
lution (Cook, 2013). The IPCC Fifth Assessment Report evaluated a number of AOGCMs
involved in the Coupled Model Intercomparison Project Phase 5 (Flato et al., 2013). They
found that the typical horizontal resolution for AOGCMs is roughly 1 to 2 degrees for the
atmospheric component and around 1 degree for the oceanic component. The typical num-
ber of vertical layers in the models are around 30 to 40 for the atmosphere and around 30 to
60 for the ocean. Another model, HADGEM3, has horizontal resolutions that vary between
2.5 degrees of latitude by 3.75 degrees of longitude and 0.556 degrees of latitude by 0.833
degrees of longitude for the atmospheric part of the model and 2.0, 1.0 or 0.25 degree hori-
zontal resolutions for the oceanic part of the model. It has vertical resolutions between 38 -
85 vertical levels for the atmospheric part and 42 - 75 levels for the oceanic part (MetOffice,
2019).
Because GCMs have such large resolutions on their grid cells, many processes occurring on
scales much smaller than the model grid must be represented by parameterisations. Pa-
rameterisations link unresolved processes to variables contained within the model (Barry &
Carleton, 2001; McGuffie & Henderson-Sellers, 2014). To run the models, the equations that
govern it are then solved at each grid cell following a set of initial conditions to represent
the climate forcing. These equations are then solved repeatedly as the GCM evolves with
time, creating a simulation of the climate where the energy and matter transfer of each cell
is influenced by neighbouring cells.
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Figure 1.6: Schematic of the Earth being broken up into a number of different grid cells for
use in climate modelling (Schneider et al., 2017).
While it is difficult to assess how well GCMs predict the future climate, they are tested to
check if they can reproduce historical climate and weather conditions. A critical component
of model evaluation is the use of observations to provide a reference point. If the obser-
vations are poor it will be difficult to assess the quality of the models with any certainty.
Given the importance of clouds in the climate system, they are something that needs high
quality measurements for reference purposes. Flato et al. (2013) found, as part of the IPCC
Fifth Assessment Report, that AOGCMs simulate general features of the global-scale annual
mean surface temperature increase over the past 150 years. This includes the rapid warming
observed in the second half of the 20th century as well as the cooling that followed large
volcanic eruptions. One would expect that if the models can predict historical records then
their future predictions would also be reliable.
1.3.2 Earth System Models
While GCMs provide a representation of Earth’s physical processes in both the atmosphere
and oceans, they do not take all factors that influence climate into account. Earth System
Models (ESMs) take climate modelling a step further and simulate not only the physical
processes of atmospheric and oceanic circulation, but also chemical and biological processes
that are not modelled by GCMs. These biochemical processes include representations of
the carbon cycle, ozone, methane cycle, dynamic global vegetation coverage (which in turn
impacts CO2 uptake), and atmospheric chemistry interactions (Flato et al., 2013; Heavens
et al., 2013).
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While ESMs are able to provide the best predictions of future climate, they still have prob-
lems with estimating feedback processes that change with the climate. Variations in water
vapour, the change in atmospheric temperature with altitude (the lapse rate) and feedback
due to clouds, are all places where the models have fundamental issues (Dessler & Wong,
2009; Ingram, 2012; Flato et al., 2013). Out of these issues, clouds are considered as the
largest source of uncertainty in estimating global climate sensitivity in models such as ESMs
(Boucher et al., 2013; Bony et al., 2015). The evaluation of climate models in the IPCC
Fifth Assessment Report (Flato et al., 2013) found that models had a spread in their equi-
librium climate sensitivity ranging from 2.7◦C to 4.4◦C. Equilibrium climate sensitivity is
the equilibrium change in global and annual mean surface air temperature after doubling
the atmospheric concentration of CO2 relative to pre-industrial levels. They also ascribed
a very high confidence this spread was primarily due to cloud feedback, with most models
reporting a positive or near neutral feedback. With the critical role that clouds play in the
climate, it is important that climate models accurately represent clouds in order to predict
what might happen in the future.
1.4 Cloud Feedbacks
Although clouds have many processes that influence the state of the climate, there are also
climate processes that in turn affect clouds. Changes in the climate will change the global
and seasonal distribution of clouds as well as their composition, affecting the way they inter-
act with radiation and transport energy. This results in a number of cloud-climate feedback
processes which can be either positive where changes in cloud/climate will continue to rein-
force each other or negative, where changes in cloud/climate will oppose each other.
Cloud feedback processes are complex. Clouds are affected by both large scale processes
such as air circulation, humidity and global temperature gradients, but also microphysical
processes such as cloud phase and aerosols (Gettelman & Sherwood, 2016). Different types
of cloud and their position over the planet also change which feedbacks are important.
For example, both observations (Bender et al., 2011; Norris et al., 2016) and climate simu-
lations (Grise & Polvani, 2016) suggest that mid-latitude and subtropical storm tracks (the
paths by which storms such as cyclones travel) are shifting towards the poles. This arises as
a result of increasing temperatures generating a larger pole to equator temperature gradient,
as well as increased baroclinic instability (Chen & Held, 2007). The movement of the storm
tracks shift the cloud to higher latitudes where less incoming solar radiation reduces the
net radiative cooling effect that have. This would be a positive feedback where increases in
temperature would reduce the cooling effects of cloud and further increase the temperature.
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However, Gettelman and Sherwood (2016) remark that determining the result of the feed-
back is more complex than this. Changes to the storm tracks and the subsequent shifting
of cloud may alter the properties of the cloud which alters its radiative balance. Changes
to the structure of cyclones that form along the storm tracks may be driven by different
processes and also change the cloud cover and radiative properties.
The biggest region of cloud feedback is over the subtropical oceans from 20◦to 40◦ in both
hemispheres. These regions have low-level clouds that are not convective, such as stra-
tocumulus clouds. Bretherton (2015), reviewed four processes that are responsible for this
marine boundary layer cloud feedback, which were summarised in the review by Gettelman
and Sherwood (2016) and shall be restated here.
The first of these is the strength of the marine layer inversion, where a layer of warm air over
cold air suppresses the upward motions of the clouds and traps the moisture in the boundary
layer. In a warmer climate, this inversion strengthens and its entrainment decreases (cloud
has less mixing with air), which promotes thicker cloud. An increased amount of low level
cloud produces a cooling effect in a negative feedback. However, this negative feedback is
opposed by a second process where changes in the moisture gradient between the boundary
layer and troposphere increase with a stronger inversion. This means that the same amount
of entrainment from above the inversion layers will have a greater drying effect on the cloud,
causing it to be thinner. This a positive feedback opposing the inversion strengthening.
The third process is that as temperature increases, radiative cooling decreases. This is be-
cause increased water vapor in the atmosphere inhibits longwave radiative cooling from the
cloud tops. This decreases turbulent motions at the cloud top, which in turn decreases the
entrainment of the cloud. This means the cloud top will be lower, and it will be thinner
causing a positive feedback. But subsidence (the rate at which cool air descends), which
slows in a warmer climate, is reduced. Cloud would then thicken and cloud layer would be
raised. This is a positive feedback that opposes the radiative cooling decrease from increased
water vapor. These processes are summarised in Figure 1.7 (Gettelman & Sherwood, 2016).
The overall net feedback as a result of these processes will depend on their relative magni-
tudes. Studies show that the feedback from these clouds is positive (Andrews et al., 2012;
Vial, 2013). A study by Qu et al. (2015) used sea surface temperatures to constrain the
marine low level cloud feedback in climate models. They also found that this feedback is
positive.
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Figure 1.7: Marine boundary-layer stratocumulus cloud feedback mechanisms. PBL stands
for planetary boundary layer (Gettelman & Sherwood, 2016).
1.5 Radiation biases in Climate Models
One of the results of the poor representation of clouds and their feedback processes in the
models are biases in the cloud radiative effect, the difference between the radiative effects be-
tween cloudy and clear sky conditions. Biases occur in both the longwave and the shortwave.
A comprehensive study was carried out by Trenberth and Fasullo (2010) using observational
information on the global energy budget to evaluate climate models. Figure 1.8 shows an
example from their study that illustrates biases in the Japanese 25-year Reanalysis (JRA-25;
Trenberth & Fasullo, 2010) compared to observations.
It shows biases for the absorbed solar radiation (ASR) and the outgoing longwave radiation
(OLR). These two components are used to examine the top of the atmosphere net radiation
(RT = ASR - OLR).
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Figure 1.8: Radiation biases (in Wm-2) from JRA-25 compared to observations. The ab-
sorbed solar radiation (ASR; 2nd panel) and the outgoing longwave radiation (OLR; 3rd
panel) are combined to examine the top of the atmosphere net radiation (RT = ASR - OLR;
1st panel). Overall a substantial negative bias is observed. This is offset by a large positive
bias over the Southern Ocean in particular (Trenberth & Fasullo, 2010).
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The second panel shows the ASR bias is negative in the tropics, especially over the ocean.
This is likely to be due to an excess of shortwave cloud forcing (Trenberth & Smith, 2008).
At higher latitudes ASR biases become positive where there is not enough shortwave cloud
forcing. This ASR pattern is dampened/heightened at high/low latitudes in the first panel
of RT, due to the constant positive biases in the third pane for OLR. These are pronounced
over low-latitude land areas, where not enough clouds are simulated, as well as over warm
tropical oceans.
Together they show that RT is deficient across the tropics, particularly over the oceans, where
the models are simulating too much OLR and not enough ALR. At higher latitudes, RT is
excessive where there the biases in ALR and OLR are both positive. This is most prominent
over the Southern Ocean. On a global basis RT biases are dominated by low latitudes, with
significant contributions from both ASR and OLR causing a negative bias in the global mean.
Although all clouds have an effect on the climate, it can be seen in Figure 1.8 that clouds
over the oceans are especially important for determining the radiation budget. Due to the
low background albedo of the sea surface compared to that of land the radiation budget of
this region is very sensitive to these clouds (Cess, 1990). In particular, the Southern Ocean
is a key component of the global climate system and radiation due to an almost constant
presence of cloud. With an annual mean cloud coverage of around 80% – 90% (Kay et al.,
2012; McCoy et al., 2014; Matus & L’ecuyer, 2017) the Southern Ocean is the cloudiest
place on Earth. Figure 1.8 indicates significant shortwave radiation biases over the Southern
Ocean of up to 30 Wm-2. This shortwave bias induces a warm sea surface temperature bias
(Hyder et al., 2018). This is believed to limit the accuracy of models and is a key factor in
modelling the climate, particularly the Southern Hemisphere.
Hyder et al. (2018) recently identified that 70% of the sea surface temperature bias in CMIP5
climate models relative to observations can be attributed to the models not representing
clouds and their properties correctly. Other work has shown that problems with the models
include simulating too little cloud cover (Bodas-Salcedo et al., 2012; Schuddeboom et al.,
2018; Kuma et al., 2019), excessive sunlight absorbed by the ocean surface (Trenberth &
Fasullo, 2010; Hyder et al., 2018), a lack of clouds in the cold sectors of cyclones (Bodas-
Salcedo et al., 2014), and a lack of reflective supercooled liquid water clouds (Bodas-Salcedo
et al., 2016; Kuma et al., 2019).
Supercooled liquid water clouds occur where liquid water droplets exist inside the cloud be-
low 0◦C (Alexandrov et al., 2016). This requires the water to be pure and free of nucleation
sites that can initiate freezing (Rosenfeld & Woodley, 2000). As explained earlier in the
chapter, determining the cloud phase is important as ice crystals and water droplets have
differing radiative properties and therefore reflect and absorb different levels of incoming
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shortwave radiation (Haynes et al., 2011; Scott & Lubin, 2014).
Work has identified the prevalence of supercooled liquid water clouds above the Southern
Ocean (Chubb et al., 2013; Jolly et al., 2018; Listowski et al., 2018; Morrison et al., 2011)
and their potential importance in contributing to known model biases (Bodas-Salcedo et
al., 2016; Kay et al., 2016; Kuma et al., 2019). In particular, Bodas-Salcedo et al. (2016)
identified that clouds with supercooled liquid tops contribute between 27% and 38% to the
total reflected solar radiation over the Southern Ocean, with climate models being found to
simulate these clouds poorly. The New Zealand Earth System Model (NZESM) produces
more ice cloud and less supercooled liquid cloud compared to MERRA-2 reanalysis data,
which shows a smaller shortwave radiation bias (Schuddeboom et al., 2018; Kuma et al.,
2019). Models that overestimate the amount of ice cloud produce a positive shortwave radi-
ation bias in their output, as the ice crystals in the cloud reflect less incoming solar radiation
than supercooled liquid water clouds.
This can be seen in Figure 1.9 which shows differences between the radiative properties of
supercooled liquid and ice phase clouds (Vergara-Temprado et al., 2018). It also shows the
effect of ice nucleating particles on mixed phase clouds. The introduction of ice nucleating
particles, which act as a surface for ice crystals to form upon, deplete the cloud of its liquid
as it freezes into ice.
Figure 1.9: Schematic representation of differences between the radiative properties of ice
and supercooled liquid water cloud. Supercooled liquid water clouds are effective at scat-
tering light whereas ice clouds transmit more incoming solar radiation. It also shows how
ice nucleating particles can act to deplete mixed phase clouds of their supercooled liquid
(Vergara-Temprado et al., 2018).
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The shortwave bias has also been linked to a number of problems in models that increase
the uncertainty on climate predictions, such as the double-Intertropical Convergence Zone
(Hwang & Frierson, 2013), errors in the meridional energy transport (Mason et al., 2015),
the position of the Southern Hemisphere storm track (Ceppi, Hwang, Frierson, & Hartmann,
2012) and also the intensity of the Southern Hemisphere jet (Kay et al., 2016), which is crit-
ical to understanding the climate at Southern hemisphere mid-latitudes.
1.6 Motivation of Thesis
This thesis is related to work being undertaken in the Deep South National Science Chal-
lenge. Deep South seeks to understand the role of Antarctica and the Southern Ocean in
determining the climate and future environment of New Zealand, through development of
the New Zealand Earth System Model (NZESM). The NZESM is a climate model being
developed in partnership with the Unified Model Consortium, led by the UK Met Office,
which is derived from and feeds back into the UK Earth System Model (UKESM). Part of
the Deep South National Science Challenge focuses on clouds and aerosols using measure-
ments over the Southern Ocean to develop observational constraints that will improve their
representation in the NZESM.
Previous work in the clouds and aerosols project focused on collecting and analysing atmo-
spheric measurements to better understand the causes of the misrepresentations of clouds
and aerosols in NZESM. They identified systematic biases in the intercalibration between
some satellite data sets over the Southern Ocean which strengthens the need for ground based
datasets being used to validate satellite observations. Machine learning methods were ap-
plied to CFMIP Observation Simulator Package (COSP; Bodas-Salcedo et al. (2011)) output
to evaluate the NZESM (Williams et al., 2016) against satellite observations (Schuddeboom
et al., 2018, 2019). Shipborne observational datasets of cloud properties (Klekociuk et al.,
2019; Kuma et al., 2019) as well as aerosols and their composition were collected, providing
a valuable resource to evaluate NZESM and constrain its performance over the Southern
Ocean. Furthermore, a ground based lidar simulator was implemented in the COSP model
(Bodas-Salcedo et al., 2011) to compare measurements from the research voyages against
NZESM output (Kuma et al., 2019). These studies confirmed that the atmospheric model in
NZESM forms too few low level clouds over the Southern Ocean compared to observations.
They also confirmed that the NZESM produces more ice cloud and less supercooled liquid
cloud compared to MERRA-2 reanalysis data, which shows a smaller shortwave radiation
bias than simulated by NZESM.
Work in this thesis is aligned with one of the Deep South clouds and aerosols project’s
goals which seeks to quantify the proportions of liquid, ice and mixed phase cloud above the
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Southern Ocean in an effort to improve parameterizations of cloud phase in the NZESM.
Mixed phase clouds consist of a combination of ice crystals and supercooled liquid water
droplets (water droplets that are significantly below the freezing point of water). The aim of
this work is to collect and compare satellite and ground based cloud observations to develop
a representation of the vertical structure of clouds and cloud phase over the Southern Ocean.
To do this a combination of space and ground based observations of cloud and their proper-
ties were used. The second chapter of this thesis covers the satellite and ground based data
products used in the analysis and how they were processed. Chapter three covers further
processing of the satellite products to produce a global climatology of cloud and its phases.
It also covers a comparison between two satellite observational datasets and evaluation about
which may be more representative of cloud. Chapter four covers the processing of the ground
based dataset and a comparison between the ground and satellite observations of cloud, with
the aim of determine which satellite dataset is more representative. The final chapters dis-
cuss the significance of the results in relation to previous studies as well as a final summary




2.1 Satellite Based Datasets
2.1.1 CloudSat and CALIPSO
All of the satellite datasets used in this research are joint products of the CloudSat (Stephens
et al., 2008) and CALIPSO (Winker et al., 2009) satellites. Launched together in April 2006,
they investigate the vertical distribution and properties of cloud. CloudSat and CALIPSO
are designed to work together and follow each other closely in orbit to take observations
only seconds apart. For the majority of their operating life, they were part of a collection of
satellites occupying a low Earth orbit called the A-Train. (Stephens et al., 2002). A partial
equipment failure in 2017 meant that CloudSat was shifted into a lower orbit to preserve
the longevity of the instrument. CALIPSO was then moved into this lower orbit so that the
two could continue to combine their measurements. In addition, CloudSat has operated in
daylight-only mode since 2011 due to a battery anomaly which has reduced the quality of
collected data.
The main instrument aboard CALIPSO is the Cloud-Aerosol Lidar with Orthogonal Po-
larization, or CALIOP (Winker et al., 2007). Lidar, which stands for light detection and
ranging, uses a similar process to radar to take measurements. Pulses of laser light in the
ultraviolet to near infrared are emitted from the lidar, which are reflected off the clouds
in the atmosphere. A component of this reflection bounces back towards the lidar itself,
which collects the backscatter. CALIOP sends out two signals to measure backscatter and
depolarisation data at wavelengths of 1064 nm and 532 nm simultaneously. The backscatter
is used to derive vertical profiles of clouds and aerosols, the ratio of backscatter for the two
wavelength is used discriminate between clouds and aerosols as well as determine the com-
position of cloud (Winker et al., 2009; Z. Liu, 2009). The lidar depolarisation ratio of the
backscatter can be used to estimate the phase of the cloud as either ice or liquid water (Hu
et al., 2009). CALIOP has fundamental sampling resolutions of 30 m in the vertical and 333
m horizontal, although this decreases at higher levels where signals tend to be weaker as the
atmosphere begins to appear more uniform (Winker et al., 2007).
CloudSat carries the Cloud Profiling Radar (CPR) which operates at a frequency of 94 GHz,
has a horizontal footprint of 1.4 km x 1.8 km, and vertical resolution of 485 m up to a height
of 25km (Stephens et al., 2008). Similarly to CALIPSO, CloudSat uses the strength of the
signal reflected off the clouds to determine vertical structure.
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The main difference between radar and lidar are the wavelengths at which they operate; radar
operates at a millimeter wavelength while lidar operates at optical wavelengths. This results
in different sensitivities between the two when detecting cloud particles in the atmosphere.
Radars can penetrate through optically thick clouds which gives them an advantage in de-
tecting multiple cloud layers. However, radars are limited due to their long wavelength in
the detection of mid-level ice clouds, or supercooled water clouds with relatively small water
droplets. Lidar is sensitive enough to detect these mid level clouds, but is limited by its short
wavelength which results in strong attenuation through optically thick clouds and therefore
struggles to detect anything beyond optical depths more than around three (Alexander &
Protat., 2018). This means that space based lidar instruments, such as CALIOP, are suited
to measure high and mid-level clouds due to their lower optical thicknesses. Space based
radar instruments, such as the CPR are suited to penetrate through optically thick cloud
layers and measure low level cloud. While the CPR signal can penetrate through opti-
cally thick clouds, CloudSat has difficulties observing boundary layer clouds below 1.2 km
due to ground clutter, although detection can be improved by subtracting an estimate of
the surface clutter from the radar measurements (Marchand et al., 2008; Tanelli et al., 2008).
2.1.2 2BCL5
Analysis was carried out on the 2B-CLDCLASS-LIDAR R05 (2BCL5) dataset generated by
combining measurements from CloudSat/CALIPSO to determine the vertical distribution of
cloud and cloud phase and cloud type (Sassen et al., 2008; Wang, 2019). Because of the dif-
ferent horizontal and vertical resolution of the two instruments, which change depending on
the altitude, data from several CALIOP footprints are matched to the larger CPR footprints.
Due to their greater resolution, CALIOP footprints are able to provide finer information on
the cloud structure in high signal to noise ratio cases.
CALIOP output provides lidar linear depolarization ratios of clouds, which can be used
for cloud phase discrimination in principle (Sassen, 1991). While the CALIOP lidar linear
depolarization ratio can classify measurements as liquid or ice phases, due to the limited pen-
etration of lidar for thick clouds and the lidar depolarization measurements being scattered,
there are limitations for identifying the mixed phase cloud correctly. Instead an approach
based on the microphysical and optical properties of ice particles and water droplets is con-
sidered. Differences between the number concentration, vertical distribution and radiative
properties of ice particles and water droplets generate a temperature dependent radar reflec-
tivity (Ze) threshold (D. Zhang et al., 2010). This is then used alongside the integrated at-
tenuated backscattering coefficient and cloud base/top temperatures to distinguish between
the ice, liquid and mixed phases in places where the cloud temperature cannot determine
the phase alone (Wang, 2019). 2BCL5 uses temperature data from another CloudSat prod-
uct, ECMWF-AUX, that contains ECMWF (European Centre for Medium-Range Weather
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Forecasts) variables such as temperature and specific humidity.
For cloud base temperatures below -38.5 ◦C, only ice is permitted. For cloud base temper-
atures above 1 ◦C, the cloud is classified as liquid when the cloud top temperature is above
a threshold of -3 ◦C, liquid or mixed when the cloud top temperature is between -38.5 ◦C
and -3 ◦C, or mixed for cloud top temperature below -38.5 ◦C. For cloud base temperatures
between -38.5 ◦C and 1 ◦C, all phases are permitted (liquid, ice and mixed), and are de-
termined based on a set of conditions. If either a liquid layer is detected or the integrated
backscatter coefficient (IBC) is greater than 0.015 and cloud base temperature is greater
than 1, it indicates the presence of liquid water. If the radar reflectivity is above the thresh-
old Ze, or the cloud top temperature is less than -30 ◦C then it indicates the presence of ice.
If both of these conditions are met then it indicates mixed phase cloud. This can be seen
in Figure 2.1, which shows the flow diagram for phase determination of the combined radar
and lidar measurements for 2BCL5 (Wang, 2019). Note that the Tice = -7 ◦C given in the
diagram is an incorrect value from 2BCL4, an older version of the 2BCL5 dataset.
Initially an older version of the product, the 2B-CLDCLASS-LIDAR R04 (2BCL4) dataset,
was used with data from 2007 to 2010. The 2BCL5 product has data from 2006 to 2017
and improvements over the 2BCL4 product in the algorithms used. The CloudSat 2B-
CLDCLASS-LIDAR R05 Product Process Description and Interface Control Document
(Wang, 2019) explained improvements between how cloud phase was determined between
the 2BCL4 and 2BCL5 products. Firstly, they identified that the Tice threshold was too
cold and changed it from -7 ◦C to -3 ◦C in light of new evidence indicating the presence
of ice particles in clouds where the cloud top temperature is colder than -4 ◦C. Changing
the Tice threshold slightly increased mixed-phase cloud occurrence. Secondly, they identified
that 2B-CLDCLASS-LIDAR data uses a cloud fraction estimation algorithm designed for
warm boundary layer clouds, which underestimated cloud fractions for polar boundary layer
ice clouds due to weaker signals. The algorithm was changed so that the 2B-CLDCLASS-
LIDAR algorithm identifies the possible underestimation and avoided its impact on cloud
classification. In light of these updates the 2BCL5 product was obtained and used in the





Figure 2.1: Phase determination processes for the 2BCL4 product, an older version of 2BCL5
(Wang, 2019).
2.1.3 DARDAR
Another satellite dataset, the raDAR/liDAR (DARDAR) dataset, was also used. Like
2BCL5, DARDAR also is a joint product of CloudSat and CALIPSO cloud measurements
(Delanoë & Hogan, 2010). DARDAR v.2.11 (Ceccaldi et al., 2013) was obtained from the
ICARE data and services centre2 for the year of 2016. 2016 was chosen to coincide DARDAR
observations with the ground based measurements also used this study.
DARDAR provides vertically resolved profiles of cloud phase, including ice, mixed and liquid
phase clouds. As part of their phase determining algorithms they also include thermody-
namic variables such as temperature, pressure and specific humidity. These are given by
means of another CloudSat product, ECMWF-AUX, that is also used by 2BCL5. These
are interpolated to each CloudSat cloud profiling radar bin. Similarly to 2BCL5, CALIPSO
footprints are matched to CloudSat resolution. DARDAR has resolutions of 60 m in the
2http://www.icare.univ-lille1.fr/projects/dardar
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vertical and 1 km in the horizontal.
DARDAR cloud phase classification processes are explained in detail in Delanoë and Hogan
(2010) and updated in Ceccaldi et al. (2013) which explains changes due to the release of
the DARDAR v2 product. These processes will be explained in brief.
First they defined “cold” pixels within their profiles where the wet-bulb temperature (Tw)
was less than 0 ◦C. The wet bulb temperature is given by the ECMWF-AUX data, calculated
from the temperature, pressure and humidity. They assume initially that all of the “cold”
cloud pixels assigned to will be ice and the rest liquid water, as the web bulb temperature
is above 0 ◦C in these cases. What they try to do next is to locate any supercooled liquid in
the region of -40 ◦C < Tw < 0 ◦C and then change the classification from ice to liquid.
Similarly to 2BCL5 they do not use the lidar depolarization ratio to determine cloud phase
(Sassen, 1991), as the signal is too noisy to allow identification of supercooled droplets with
enough certainty. Instead they use lidar backscatter signal at 532 nm, since to lidar the top
of liquid clouds appears as a strong echo that is typically confined over only a few hundred
meters (Hogan et al., 2003, 2004).
From there, they locate any attenuating high backscatter layers (532 > 2.10-5 m-1 sr-1) in
the detections and then classify them into five groups: warm liquid water, supercooled liq-
uid water, supercooled liquid water mixed with ice, highly concentrated ice, and the top of
updrafts in convective towers.
The decision tree presented in Figure 2.2 shows how they classify these layers based on
temperature, horizontal extent of layer, thickness, reflectivity, and altitude (Ceccaldi et al.,
2013). If the wet bulb temperature is greater than 0 ◦C, then the layer is composed of warm
liquid water. If a layer is less than 20 km wide and located in a vertically oriented cloud
whose reflectivity is greater than 5 dBZ, then it is classified as the top of convective cloud
tower. Pixels are classified as ice in high concentration if the layer is more than 300 m
thick or if the wet bulb temperature is lower than -40 ◦C and as supercooled liquid water
otherwise. One of the limitation of radar is that it is not able to detect pure supercooled
liquid water because its signal is dominated by larger particles (Hogan et al., 2003). So, if
the radar detects a signal collocated with supercooled liquid water layers detected by the
lidar, they are then classified as supercooled liquid water mixed with ice.
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Figure 2.2: Decision tree for DARDAR phase classification, which sorts cloud layers with a
strong backscatter signal (Ceccaldi et al., 2013).
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2.2 Ground Based Datasets
2.2.1 AWARE
Ground based observations used in this study were obtained during the 2016 Atmospheric
Radiation Measurement (ARM) West Antarctic Radiation Experiment (AWARE) field cam-
paign over Antarctica.
The AWARE campaign was supported by the U.S. Department of Energy, started in Novem-
ber 2015 and concluded at the beginning of January 2017 (Witze, 2016). AWARE was the
first climate-related field campaign in West Antarctica in more than 40 years and provides
a rare surface based dataset for comparison with satellite based observations (Lubin et al.,
2015). The AWARE campaign was motivated by the effects a changing climate is having
on the West Antarctic Ice Sheet and the need for more field work to be undertaken in West
Antarctica (Lubin et al., 2015).
One objective of AWARE was to examine the microphysical properties of cloud to gain an
understanding of the warming mechanisms of West Antarctica. This included measurements
of the cloud type, cloud fraction, cloud base, as well as altitude dependent measurements of
cloud particle size distribution, thermodynamic phase, cloud particle vertical velocity, and
precipitation rate and type. Such measurements took place mainly at McMurdo Station
(77.85◦S, 166.72◦E).
The data specifically used in this study were cloud masks gathered by the Ka-Band ARM
Zenith Radar (KAZR; Widener et al., 2012) and the High Spectral Resolution Lidar (HSRL;
Eloranta, 2005), gathered from 1 January to 31 December 2016 over McMurdo Station.
KAZR was operated in alternation between two modes. Moderate sensitivity (MD) mode
was used to detect upper-tropospheric clouds and general (GE) mode was used to detect
lower-tropospheric clouds. HSRL and KAZR operate using the same principles as discussed
earlier in the chapter for the CloudSat and CALIPSO lidar/radar instruments. The method-
ology detailing how these cloud masks are derived is detailed in Silber et al. (2018) but will
be discussed below in brief.
Detection of the HSRL hydrometeors (which includes both cloud and precipitation) were
based on histograms of log-scaled particulate backscatter cross-section (βp) against linear
depolarization ratio (LDR). These were used to classify the HSRL data into three categories:
clear-sky aerosols, hydrometeors, or liquid-cloud (a subgroup of the hydrometeors). Because
the histograms showed a seasonal dependence, they were generated on a monthly basis.
From the histograms three populations were apparent. HSRL returns characterized by rel-
atively low βp (cresting near 10-7 m-1sr-1) and low LDR values were attributed to clear-sky
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aerosols. HSRL returns characterised by relatively high LDR (> 0.2) and βp varying from
low to high values were attributed to ice particles of varying concentration, size, shape, and
orientation. Finally a population with high βp and low LDR (< 0.15) was attributed to
liquid water. Because the shapes of these populations varied from month to month through
the seasons, a classification method which considers the βp and LDR features was developed.
Figure 2.3 shows an example of the classification for the months of March (subplots a and
c) and August (subplots b and d) where βp against LDR has been investigated. KAZR
signal-to-noise ratio (SNR) data from both the GE and MD modes was gridded separately
to the HSRL data grid using two-dimensional linear interpolation. Using each of the two
gridded data arrays and by setting a fixed SNR threshold of 16 dB, cloud masks were gen-
erated. The HSRL masks were combined with the KAZR (GE and MD modes) masks to
form a full single hour cloud ice and liquid hydrometeor mask. From there hourly statistics
such as hydrometeor and liquid-cloud base, thickness, and profile occurrence arrays were
produced. Total and profile hydrometeor occurrence fractions were normalized relative to
the hourly (HSRL and KAZR combined) data availability, assuming the measured period
provided acceptable representation of the whole hour. Hours in which the combined data
availability was below 25% were omitted from the occurrence fraction analysis to prevent
potential low-sampling biases from affecting the statistics.
There were times where HSRL was unable to observe cloud meaning that only a KAZR de-
tection was obtained. These KAZR measurements are classified as an unknown phase. Silber
et al. (2018) notes that while liquid phase cloud will make up a part of this category, it is
likely to represent ice phase cloud. Reasons for this include that the majority of unknown
phase cloud is above 4 km where little liquid phase cloud was detected and much is located
at temperatures colder than the verge of the homogeneous freezing regime at - 38 ◦C (Lamb
& Verlinde, 2011).
The AWARE observations also includes soundings of other atmospheric variables such as
temperature and pressure. These were gathered twice daily over McMurdo station during
2016 using a radiosonde. Soundings were linearly-gridded to the vertical grid of the hourly
cloud masks (Silber et al., 2018).
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Figure 2.3: HSRL linear depolarization ratio (LDR) versus log-scaled particulate backscatter
cross-section (βp) two-dimensional monthly histograms for (a and c) March 2016 and (b and
d) August 2016. The bottom panels depict the histograms after the measurements were
filtered. They also show the locations of the different populations (liquid, ice and clear sky
aerosols) within the histograms, as well as the resolved boundary lines between them (Silber
et al., 2018).
2.3 Other Datasets
2.3.1 ERA5 climate reanalysis
Monthly averages of ERA5 temperature profiles between 2006 - 2017 were used in this study,
obtained from the Copernicus Climate Change Service (C3S, 2017). ERA5 is a climate re-
analysis produced by the European Centre for Medium-Range Weather Forecasts (Hoffmann
et al., 2019). Reanalyses combine observational measurements with model output to provide
a numerical description of the recent climate. Over 240 variables are available, such as atmo-
spheric and sea surface temperatures, surface pressure, vertical and horizontal wind speeds,
and specific and relative humidity (Hoffmann et al., 2019; ECMWF, 2019). Hourly analysis
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for ERA5 is available from 1950 - present and is generated with a horizontal resolution of 31
km on with 137 levels, from the surface up a height of around 80 km (Hersbach & Dee, 2016).
2.4 Previous studies comparing ground and satellite
based cloud observations
In one of the few studies taking place around the Southern Ocean, Alexander & Protat
(2018) used lidar based measurements gathered at Cape Grim (41S) compared with DAR-
DAR satellite data. They found that DARDAR underestimated cloud below 1.5 km by a
factor of three. It is noted that due to a lack of a cloud radar at Cape Grim they filtered
their dataset to exclude thick clouds that attenuated the lidar. They only included low level
single cloud layers where both the ground based lidar and DARDAR mask could detect the
cloud top and cloud base.
Other studies also find an underestimation of satellite observations compared to surface
based observations (Blanchard et al., 2014; Protat et al., 2014; Liu et al., 2017). An ex-
ception to this is Mioche et al. (2015) who compared surface and satellite observations at
Ny-Alesund (78N). They found an overestimate of low-level cloud occurrence by satellite
when compared with a surface-based lidar. They authors associate this overestimate with
different cloud determination algorithms and a dataset with a short duration. CloudSat has
difficulties observing boundary layer clouds below 1.2 km due to ground clutter, although
detection can be improved by subtracting an estimate of the surface clutter from the radar
measurements (Marchand et al., 2008; Tanelli et al., 2008.) From these studies one would
expect that both 2BCL5 and DARDAR will underestimate the low level cloud.
These studies comparing ground and satellite based cloud observations are related to results
obtained during this study in greater detail during the discussion chapter.
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Chapter 3
Processing and analysis of satellite based ob-
servations
3.1 2BCL5 Processing
The 2BCL5 data obtained from the CloudSat Data Processing Centre 3 came in the Hierar-
chical Data Format (HDF), designed to organize and store large amounts of data. Each of
the HDF files contains roughly 1 - 2 hours of combined CloudSat and CALIPSO observations
with fourteen to fifteen observations in a day. The HDF files contains geolocation data fields
related to the spatial and temporal position the satellites are observing, such as latitude,
longitude, elevation and time. The files also contain observational data fields that are related
to variables measured by the satellites, such as cloud base, cloud top, cloud phase, cloud
fraction and cloud type. Cloud base is the detected height of the bottom of the cloud in
kilometers and cloud top the height of the top of the cloud. Cloud phase is the given phase
of the cloud of either liquid, mixed or ice. Cloud fraction is the percentage of each satellite
footprint that is covered in cloud, and cloud type is the given classification of clouds such as
cirrus, stratus and cumulus (Wang, 2019).
The cloud variables are organised by the 2BCL5 processing algorithms into layers which
separated distinct clouds detected in the vertical column of the satellite footprint. Up to ten
layers of clouds in each footprint are determined and each cloud layer has a corresponding
value for the cloud top, base, phase, fraction and type. This is not ideal as in order to form
a cloud mask that displays the cloud phase and cloud fraction as a function of altitude,
cloud layers occurring at the same time need to be treated together in a vertical column.
All processing carried out on the 2BCL5 data is carried out with the aim of creating a cloud
mask that joins cloud layers together.
Individual 2BCL5 files are grouped by month then further split by sorting into latitude bins
of five degrees. This allows analysis of different regions such as over the Southern Ocean,
while maintaining a significant amount of measurements in each latitude bin. This process-
ing produces 34 latitude bands with sorted 2BCL5 data, as the CloudSat and CALIPSO




Two products are generated to represent the presence of cloud. The first is the cloud oc-
currence, which is derived as a function of altitude for different cloud phases. This is done
using cloud fields in the 2BCL5 dataset. Cloud occurrence indicates the amount of cloud
that is present at a particular altitude. A mask is created to remove data where there is
no detection by the satellite as well as points without any cloud detected. At each satellite
detection, the vertical extent of the cloud is then determined using values for the cloud base
and cloud top. The corresponding value for the cloud fraction, which is a single value, is
given to each vertical bin between the cloud base and cloud top. This process is repeated for
each separate cloud layer in the detection. Further partitioning using information about the
three phases of liquid, mixed and ice cloud produces separate cloud masks for each phase,
which are combined to equal the total amount of cloud. Cloud occurrence profiles for each
phase are then calculated at each altitude by summing the cloud fraction across each verti-
cal bin over the required time period. Profiles are then normalised by dividing by the total
number of measurements.
The cloud occurrence profiles with phase information for each year, month and latitude bin
are processed separately. The profiles can then be added together using a weighted sum and
then normalised using the total number of measurements in each profile. This allows for a
finer resolution in the 2BCL5 dataset that can be reduced to larger spatial and temporal
resolutions if needed.
The second product is the cloud fraction, which is derived by taking the ratio between the
number of observations with at least one detected cloud and the total number of observations
made, both cloudy and clear sky. Because the cloud fraction looks at the presence or ab-
sence of cloud in each atmospheric column making up a 2BCL5 detection, it is independent
of altitude. This differs from the ’cloud fraction’ field in 2BCL5 used to generate the cloud
occurrence. From here onward cloud fraction is defined as the ratio between the presence or
absence of cloud, rather than the data field in the 2BCL5 product.
There is an issue with inconsistencies in the 2BCL5 fields, in which the cloud fields have
valid measurements, but there is a value for the cloud phase of 0. This is outside the range
of values for the phase in the 2BCL5 measurements where 1 = ice, 2 = mixed and 3 =
liquid. This results in errors in how the phase profiles for cloud occurrence are determined,
where these points are allocated as liquid phase cloud when processed. This is an incorrect
determination as 2BCL5 allocates liquid pixels first in their arrays, followed by mixed and ice
phase pixels. These inconsistencies fall at the end of the 2BCL5 arrays so they are instead
likely to be ice phase measurements. To fix the problem these points are removed using a
secondary mask, as they are not a considerable part of the dataset and will not affect results.
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3.2 2BCL5 Analysis
3.2.1 Quality of 2BCL5 observations
One of the first aspects to be analysed with the data is to assess its quality. 2BCL5 data
ranges from June 2006 to December 2017, which gives 138 possible months of data. In real-
ity, there are times where the satellites are unable to operate so this is reduced. Examples
include December 2009 where a battery anomaly forced the Cloud Profiling Radar aboard
CloudSat offline, as well as 17th April 2011 to 15th May 2012 where another battery anomaly
caused CloudSat to fall out of formation with the other satellites in the A-Train. After the
second battery anomaly the quality of data was further reduced as CloudSat could only op-
erate in daylight-only mode where the sun could power its solar arrays. These interruptions
in the operation of the satellites left 122 months of collected data to analyse.
The amount of 2BCL5 observations gathered each month are investigated. Figure 3.1 shows
the total number of days in each month where measurements were taken by the satellites.
Gaps indicate months with no data, due to the satellite not being in operation. Red bars
represent months with measurements for less than half of the days in the month.
Figure 3.1: Days with available 2BCL5 data for each month between 2006 and 2017. Red
bars indicate months with less than half availability. Gaps indicate months with no available
2BCL5 data. The x-axis has ticks at every six months, labelled at the start of each year.
Examination of Figure 3.1 shows there are five months that have little amounts of data. The
lack of measurements during three of these can be explained as CloudSat had periods of
inoperation. CALIPSO had a brief outage during another months (September 2017) which
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caused 10 days without data, although this is not enough to explain that only six days in
the month have measurements. It is likely that CloudSat and CALIPSO measurements are
lost during the processing of the 2BCL5 product.
These five months with less than half the amount of available data will be considered when
doing global analysis on the 2BCL5 dataset as they still provide accurately measured cloud
occurrence, cloud fraction and cloud phase information. Due to a low sampling rate they
may not be representative of the month as a whole, compared to months with higher data
availabilities. Figure 3.2 shows the variability in the 2BCL5 cloud occurrence for the month
of December, to compare whether the 2017 average is representative of the other months.
The average monthly profiles for 2BCL5 cloud occurrence data are shown on each sub-figure,
with the target year highlighted as the filled blue curve.
Figure 3.2: Geophysical variability of 2BCL5 cloud occurrence between 2006 and 2017 for
the month of December. The target year is indicated by the filled blue curve with the grey
lines representing the profiles from the other sub-figures.
While Figure 3.2 shows that the 2017 average of cloud occurrence is different from the other
years, within the internannual variation it still represents the December average. Figures
for June, September and October can be found in Appendix A and show better matches.
It shows that the months with available 2BCL5 measurements for less than half the days
in the month are still representative of the average and will be considered when considering
each month separately.
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The 122 months of 2BCL5 data that was binned into 34 latitude bands gave 4182 distinct
spatial and temporal regions in my analysis. From here cloud occurrence profiles are cre-
ated for 4087 of these, leaving 95 regions where cloud occurrence and cloud phase could not
be determined due to poor quality data within the files themselves; The satellites would
be operating but failed to get a cloud detection. All regions where cloud phase cannot be
determined fall within 2012 - 2017 during April to August, and between latitudes of 60S
to 85S. This corresponds to the winter season over the Southern Ocean/Antarctic regions.
These missing cloud occurrence profiles are caused by CloudSat not operating due to a lack
of sunlight.
3.2.2 Ascending and descending nodes
Due to the removal of data that fell into the dark portion of CloudSat’s orbit after 2011,
another aspect of data quality that is investigated is whether there are any significant dif-
ferences between the amount of cloud that is detected during the ascending and descending
portions of the satellite’s orbits. The ascending node is when the satellite is traveling south
to north over the Earth’s surface. The descending node is when the satellite is traveling from
north to south over the Earth’s surface. During 2006 to 2017 when CloudSat and CALIPSO
were in sun-synchronous polar orbits as part of the A-Train, they crossed the equator dur-
ing their ascending node at 1:30 PM local solar time each day. Conversely the crossed the
equator during the descending node at 1:30 AM local solar time each day. This caused their
ascending node to occur mostly on the sunlight part of the Earth and descending node to
occur mostly on the dark part.
The 2BCL5 data could be separated into ascending and descending nodes by using the gra-
dient of the change in latitude. The cloud fraction, varying with latitude and time was then
plotted for each of the nodes. Figure 3.3 shows cloud fraction for the ascending node and
Figure 3.4 shows the cloud fraction for the descending node.
Figure 3.3 for the ascending node shows clear seasonal patterns in the cloud fraction. Over
the Arctic there is a higher amount of cloud during the summer months than the winter
months. The Southern Ocean shows a consistently high level of cloud, although there is a
small amount of seasonality that varies cloud fraction. The only difference in the spatial
availability of 2BCL5 measurements before and after CloudSat’s 2011 battery anomaly, is
an absence of data between April and August. As explained previously in this chapter, this
gap is due to CloudSat not having enough sunlight to power its instruments. Corresponding
cloud fraction measurements for months belonging to the Arctic winter are still present even
after the 2011 battery anomaly. This occurs for two reasons. One is that CloudSat crosses
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the equator during its ascending node at 1:30 PM local solar tine, so the ascending and
descending nodes do not completely match with the day/night cycle. The second reason is
that it takes 9.5 minutes for the CPR to become fully operational after entering the sunlit
portion of its orbit, which occurs over the Antarctic (Nayak, 2012).
Figure 3.3: Cloud fraction for 2BCL5 during its ascending node between 2006 and 2017.
White spaces indicate an absence of data. Tick marks on the x-axis indicate January 1st of
a particular year.
For the descending node, Figure 3.4 shows a significant difference after 2011 compared to the
ascending node. While both show the same seasonal cycle in cloud fraction, the descending
node shows a lack of cloud fraction measurements, except for some at higher latitudes near
the poles. For the Antarctic region, cloud fraction measurements are only able to be obtained
during the Southern Hemisphere summer, out to a latitude of about 65S during December
for the descending orbits. The Arctic region shows a similar picture where measurements
are only available during the Northern Hemisphere summer. The only difference is Arctic
measurements extend much further towards the equator, reaching a maximum latitude of
about 40N during June. This happens due to the ascending/descending nodes not matching
with the day/night cycle, and the 9.5 minutes after entering the sunlit portion of its orbit it
takes for the CPR to become fully operational (Nayak, 2012).
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Figure 3.4: Cloud fraction for 2BCL5 during its descending node between 2006 and 2017.
White spaces indicate an absence of data. Tick marks on the x-axis indicate January 1st of
a particular year.
While the ascending and descending nodes both show similar seasonal patterns, another
aspect to consider is whether they detect different amounts of cloud fraction. Any signifi-
cant differences would mean they need to be treated separately as data after 2011 would be
biased without cloud fraction measurements for the descending node. Figure 3.5 shows the
differences between the total cloud fraction for the ascending and descending nodes.
Between 90N and 40N the ascending node shows a 5% - 10% greater cloud fraction than
the descending node during the Northern Hemisphere summer. The descending node shows
a greater cloud fraction during the winter months of up to 5%. This shows a clear sea-
sonal variation here between the two. Below 40S there is also the same seasonal variation
that occurs above 40N, but this is much weaker with differences of only a few percent. Af-
ter 2011 the differences get stronger but this due to a reduction in the amount of available
descending mode measurements that introduces a sampling bias and increases the variability.
Between 40N and 50S there is the greatest difference between the nodes. In all cases the de-
scending node shows a greater amount of cloud than the ascending node where the strength
of this difference varies with the season up to a maximum of 15%. That the descending node
is showing more cloud indicates a diurnal cycle where more cloud is present during the night
than the day, as the descending node occurs mostly on the dark side of the Earth.
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Figure 3.5: Difference in cloud fraction between the ascending and descending nodes. A
negative difference, indicated in blue, means that the descending node has a greater cloud
fraction. A positive difference, indicated in red, means that the ascending node has a greater
cloud fraction. Tick marks on the x-axis indicate January 1st of a particular year.
Previous work on the diurnal cycle of cloud observations show that over land the cloud con-
vection reaches its maximum in the late afternoon or early evening (Dai et al., 1999; Soden,
2000; Yang & Slingo, 2001; Stubenrauch et al., 2006; Y. Zhang & Klein, 2010; Zhao et al.,
2017; Noel et al., 2018; Shang et al., 2018), causing the formation of clouds that persist
into the night. Over the oceans cloud convection reaches its maximum in the late evening
and early morning (Yang & Slingo, 2001; Stubenrauch et al., 2006; Wood, 2012; Noel et al.,
2018; Chepfer et al., 2019).
Looking into the diurnal cycle of clouds in the tropics (30N - 30S) where the negative differ-
ence between the ascending and descending nodes is the greatest, a recent study by Chepfer
et al. (2019) investigated the diurnal variations of cloud and relative humidity in the region.
They found that optically thin cloud fraction profiles, dependent on relative humidity, max-
imize during night-time in the entire troposphere. They also found that over the oceans
opaque clouds in the lower atmosphere are at their maximum during the second half of the
night. This matches Figure 3.5 where the descending node shows a greater amount of cloud
between 30N and 30S.
Noel et al. (2018) investigated the diurnal cycle of cloud profiles over land and ocean be-
tween 51S and 51N measured by the Cloud-Aerosol Transport System (CATS) lidar from
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the International Space Station. As part of their study they compared CATS profiles to
those measured by CALIPSO. Their results suggested that over oceans CALIPSO measure-
ments describe the daily minimum of the cloud fraction profile during their daytime overpass
(1:30 PM local solar time) and its daily maximum during their nighttime overpass (1:30 AM
local solar time). This further shows a diurnal cycle of cloud over the oceans. Over land
CALIPSO is more representative of daily averages as the diurnal cycle is less prominent,
except at altitudes above 10 km where they capture part of the diurnal variability.
Since the CloudSat/CALIPSO descending node occurs from early evening to early morn-
ing, it makes sense that the descending node has a greater average cloud fraction which
when compared to the ascending node shows diurnal variation. While the diurnal cycle is
in Figure 3.5, seasonal patterns still show themselves at the dominant factor in the change
of cloud coverage. Stubenrauch et al. (2006) also found a similar conclusion that shows the
seasonal cycle in cloud coverage dominated the diurnal cycle. Figure 3.5 illustrates that the
difference between the ascending and descending nodes is weakest over the Southern Ocean,
only a few percent at the most. Figures 3.3 and 3.4 also show the weakest seasonal cycle
over the Southern Ocean compared to other regions, due to an almost continuous presence
of cloud coverage. Following on from these conclusions, the 2BCL5 dataset was not split
into its ascending and descending nodes, but instead treated as a whole.
3.2.3 Latitudinal cross sections of 2BCL5 cloud occurrence
With the quality of the 2BCL5 dataset assessed, the distributions of cloud and cloud phase
for 2BCL5 were analysed. Using the 5 degree latitude bands the data had been binned to,
vertical profiles of cloud occurrence were partitioned into ice, mixed and liquid phase cloud
for each season. The profiles that illustrate the cloud occurrence for the Northern/Southern
Hemisphere using 2BCL5 measurements between 2006 and 2017 can be found in Appendix B.
They show a seasonal variability of the different cloud phases makes physical sense. There is
more ice and less liquid present during the winter months than summer, which flips between
the Northern and Southern Hemisphere as expected. Mixed phase is also greater during the
winter where low temperatures allow both ice and supercooled liquid water cloud to coexist.
The geographical variation shows that the cloud top height gets greater towards the equator
and the frequency of the liquid phase cloud increases as temperature increases. These phases
changes are associated with changes in thermodynamic profile of the atmosphere between
latitudes and seasons (Donohoe & Battisti, 2013).
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The patterns displayed in the cloud occurrence profiles (Figures B.1 and B.2) are better
examined by combining each profile to make cross sectional contours of cloud occurrence
and phase. This gives a clearer picture of the global distribution of cloud over the Earth as
seen from space by the CloudSat and CALIPSO satellites, shown in Figure 3.6.
Also included on the plot are isotherms showing the altitude of 0 ◦C and -38 ◦C. These
isotherms were produced using monthly ERA5 reanalysis temperature data (See Chapter
2.3.1) across each latitude and altitude. Monthly isotherms were generated between 2006 -
2017, corresponding to the 2BCL5 dataset, and then averaged to form a single isotherm. The
0 ◦C isotherm indicates the edge of where liquid will begin to freeze into ice phase cloud,at
temperatures above this there should only be liquid phase cloud. The -38 ◦C isotherm indi-
cates the homogeneous freezing regime (Lamb & Verlinde, 2011), below which any liquid in
the cloud will rapidly freeze into ice crystals and cloud will only be ice phase. Between the
two there will be a combination of ice and supercooled liquid water, so liquid, ice and mixed
phase cloud can be present.
Figure 3.6: Latitudinal distribution of cloud occurrence as a function of altitude for the
total cloud (a.) as well as the ice (b.), mixed (c.) and liquid (d.) phase clouds for 2BCL5
observations. The red dashed lines indicate isotherms of constant temperature.
Figure 3.6a shows the global distribution of cloud occurrence across each latitude and alti-
tude for all phases combined. Large cloud occurrences are observed in the polar regions and
the tropics. The maximum cloud is located at approximately 60S, and is dominated by low
level cloud below 2 km. This makes sense as it corresponds to the Southern Ocean which has
a higher cloud occurrence than land (Eastman et al., 2011). Similarly 60N also shows a high
amount of low level cloud, while the tropics are dominated by high level cloud as a result
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of the convective processes that occur there. The minima in cloud occurrence are observed
at 20N/S either side of the equator, which correspond with subtropical regions where the
Hadley cell circulation causes a downwelling of cool, dry, cloudless air. The structure of cloud
occurrence also shows cloud is distributed to higher altitudes at the equator compared to
the poles. This is because the height of the tropopause is greater due to the deep convection
that takes place in the tropics (Marshall & Plumb, 2008). For Figure 3.6a, little can be said
about how the cloud matches with the 0 ◦C and -38 ◦C isotherms.
Figure 3.6b-d shows the latitudinal distributions of cloud occurrence for ice, mixed and liquid
phase cloud as seen by 2BCL5 at different altitudes. These contours are plotted using the
same scale to compare the relative values between their cloud occurrences.
Figure 3.6b shows that the ice phase cloud has three distinct maxima. Two of these occur
at 65N/S at an altitude of 5 km and are similar in their shape. The other occurs over the
tropics at a height of 13 km. The minimum in the ice phase occurs between 40N and 40S
where almost no ice cloud is detected below an altitude of 5 km. The ice phase cloud has a
maximum cloud occurrence of 27% over the Southern Ocean and tropics. Over the Arctic
the highest level of cloud occurrence is a few percent lower at 23%. Ice phase cloud has an
absence at tropical and subtropical regions below 5 km. This matches well with the position
of the 0 ◦C isotherm, although there are regions above/below the isotherm where ice cloud is
absent/present. This initially suggests that 2BCL5 is incorrectly classifying ice phase cloud,
but is instead can be explained by variations in the position of the isotherms. Isotherms are
produced by taking an average across all years without accounting for factors like seasonal
cycles in the temperature. During warmer/colder months the positions of the isotherms will
be raised/lowered.
Figure 3.6c shows that mixed phase cloud is present across all latitudes up to a height of 5 km
near the poles and 15 km in the tropics. 60S shows a 35% maximum of low level mixed phase
cloud over the Southern Ocean. This is matched by a weaker 20% maximum at 60N. Mixed
phase cloud is present at altitudes above the -38 ◦C isotherm and below the 0 ◦C isotherm.
As for the ice phase cloud in Figure 3.6b, it would be expected that some mixed cloud would
exits outside the isotherms, as they are being averaged across all seasons. However mixed
phase cloud is present almost everywhere, outside the expected seasonal variations of the
isotherms.
As might be expected, Figure 3.6d shows that liquid phase cloud occurs in the bottom 2.5
km of the atmosphere near the poles, which increases to a maximum extent of just over
5km in the tropics. This is due to the temperature differences between the equator and the
poles, as can be seen in the decrease of the 0 ◦C isotherm moving poleward. Liquid phase
cloud has a maxima of 24% low to the ground (1.2 km above mean sea level) at a latitude of
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40S. The isotherms shows liquid phase cloud at greater than the 0 ◦C isotherm. This does
not give insight into whether 2BCL5 processes liquid phase cloud correctly, as supercooled
liquid water exists below 0 ◦C. 2BCL5 does not differentiate between liquid water that is
supercooled or not so further analysis cannot be produced.
Comparing the distributions of ice, mixed and liquid phase cloud, most clouds above 5km at
the polar regions and 8km in the tropics are ice. This is where air temperatures get colder
than the -38.5 ◦C threshold, below which the 2BCL5 processing algorithm only classifies
cloud as ice phase. Another aspect to note is that the maximum of mixed phase cloud over
the Southern Ocean corresponds to the maximum in the combined cloud for all phases. This
suggests that understanding mixed phase cloud is a key part of correctly modelling clouds
in the climate. A study by McCoy et al. (2015) investigated mixed phase cloud over the
Southern Ocean in a number of GCMs. They found that the temperature at which the su-
percooled liquid and ice that make up the mixed phase cloud were equally partitioned varied
by as much as 40 ◦K across models. This suggests that GCMs simulate mixed phase cloud
and its processes poorly and better parameterizations of mixed phase cloud are needed to
reduce this model uncertainty.
Bodas-Salcedo et al. (2016) did further work to investigate the contributions of cloud phases
to the radiation bias in climate model over the Southern Ocean. They found that areas
where the uppermost cloud layer contains supercooled liquid water contribute between 27%
and 38% to the total amount of shortwave reflected radiation in the Southern Ocean. A lot
of these supercooled liquid water cloud tops will exists in mixed phase clouds where ice is
present deeper into the cloud. Since the partitioning between mixed phase and supercooled
liquid is uncertain, their result categorized mixed phase and supercooled liquid water clouds
together. This further highlights the needs for good mixed phase cloud representation in
climate models. These two studies match results shown, where mixed phase cloud is poorly
represented by 2BCL5, while being important over the Southern Ocean.
A notable feature of Figure 3.6a is a sharp reduction in the amount of cloud detected below
an altitude of 1 km. This is more clearly illustrated in Figure 3.7, showing Figure 3.6a
constrained between latitudes of 40S to 80S and altitudes below 2.5 km.
At 60S, cloud occurrence shows a maximum value of 60% at an altitude just above 1 km.
Moving below 1 km the cloud occurrence drops sharply, reaching half the maximum of 30%
at an altitude of 0.8 km. This limit is present across all latitudes and phases, although it
is less pronounced for liquid phase cloud. It suggests that the 2BCL5 dataset is poor at
detecting cloud below 1 km. CloudSat and CALIPSO are both known to be poor at de-
tecting cloud at these heights. CloudSat is affected by surface clutter below approximately
1.2 km (Marchand et al., 2008; Tanelli et al., 2008) and the CALIPSO lidar signal cannot
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Figure 3.7: Subset of the latitudinal distribution of cloud occurrence for all phases plotted
in Figure 3.6a. Latitude has been restricted to between 40S and 80S and altitude has been
restricted to below 2.5 km.
pass through thick cloud. It is well known that both of the satellites that are combined
to form the 2BCL5 dataset underestimate the amount of low level cloud. In order to get
a complete picture of the vertical distribution of low level cloud a comparison with ground
based observations are needed, which would allow an unattenuated detection of low level
cloud. Another contributing factor is that some of the underestimation could be a result
of the 2BCL5 processing algorithms, that would be absent with better processes. This has
implications over the Southern Ocean where low level cloud is at its highest. In order to
get verify this analysis of DARDAR, a secondary CloudSat/CALIPSO dataset is carried out
and comparisons are drawn with 2BCL5.
3.3 DARDAR Processing
DARDAR data obtained from the ICARE Data and Services centre4 also came in the HDF
file format. Like 2BCL5, each of the HDF files contain 1 - 2 hours of combined CloudSat
and CALIPSO observations with fourteen to fifteen observations in a day. The HDF files
contain geolocation data fields that related to the spatial and temporal position the two
satellites are observing, such as time, elevation above mean sea level, latitude, and longi-
tude. Unlike 2BCL5, DARDAR cloud measurements are already grouped in a categorization
4http://www.icare.univ-lille1.fr/projects/dardar
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mask that separates cloud into different atmospheric features. Figure 3.8 shows an example
of this categorization for observations taken on the 26th May 2007 (Ceccaldi et al., 2013).
The colours represent the different categories DARDAR pixels have been classified as. This
includes cloud phases such as ice and liquid, as well as other features including aerosols and
precipitation. The DARDAR classification also shows features that indicate limitations of
the satellites. Radar clutter shows a lot of signal close to the ground where the quality
of CloudSat measurement will be reduced. In reality the signal will be affected by ground
clutter over a greater range of altitudes (Marchand et al., 2008; Tanelli et al., 2008). Lidar
attenuation represented in black shows vertical columns where CALIPSO can not contribute
to the identification of clouds, as CALIOP’s lidar signal is being fully attenuated.
Figure 3.8: DARDAR classification showing features for observations taken on the 26th May
2007 (Ceccaldi et al., 2013).
Vertical profiles of cloud occurrence are then derived using the DARDAR classifications. The
appropriate features are selected to partition the data into masks from different phases. The
ice phase cloud mask is created by selecting the ”ice” categorization as well as feature masks
for ”high ice concentration layers”, ”spherical ice” and the ”tops of convective cloud towers”.
The mixed phase cloud mask is created by selecting the ”supercooled liquid water and ice”
categorization. The liquid phase cloud mask is created using the ”supercooled liquid water”,
”liquid water”, ”warm rain & liquid cloud” and ”cold rain & liquid” categorizations. Places
where there is a detection are set to a cloud occurrence of 1 and elsewhere set to a cloud
occurrence of 0.
Cloud occurrence profiles for each phase are then calculated at each altitude by summing
the cloud occurrence at each vertical bin over the required time period. Similarly to 2BCL5,
cloud occurrence profiles with phase information for each year, month and latitude bin are
processed separately. The profiles can then be added together using a weighted sum which
is then normalised using the total number of measurements in each profile. By masking the
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DARDAR classification to cloud only detections the cloud fraction is also determined, giving
the fraction of cloudy detections compared to the total number of detections. After the cloud
occurrence and cloud fraction is determined, the processing of DARDAR measurements was
completed using a similar process to the 2BCL5 measurements. Individual DARDAR files
are sorted by month and then further split into latitude bins of five degrees.
3.4 DARDAR Analysis
3.4.1 Quality of DARDAR observations
DARDAR is selected to provide a reference to the 2BCL5 observations, where comparisons
between the two are completed to assess their quality and decide which has a better rep-
resentation of cloud. Because both are derived from CloudSat and CALIPSO you would
expect they have the same amount of available data. Any differences would be due to their
separate processing methods rather than the satellite data they input into their algorithms.
DARDAR data used in this study ranges from January to December 2016 giving 12 possible
months of data. While DARDAR observations exists for other years, 2016 was chosen to
coincide DARDAR observations with the ground based AWARE measurements. CloudSat
had measurements during all of 2016, but a CALIPSO outage from the end of January to
the start of March meant that there was no DARDAR data for February, leaving 11 months
of observations.
The amount of DARDAR observations gathered each month is investigated, as shown in
Figure 3.9. Like Figure 3.1, it shows the total number of days in each month where measure-
ments were taken by the satellites. Gaps indicate months with no data due to the satellite
not being in operation. It shows no data for February 2016 as expected, but also shows only
6 days worth of data for April 2016.
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Figure 3.9: Days with available DARDAR data for each month during 2016. Gaps indicate
months with no DARDAR data.
Figure 3.10 shows differences in the data availability between DARDAR and 2BCL5 during
2016. Red bars represent DARDAR, blue bars represent 2BCL5, and purple bars represent
where the two overlap. The only month where DARDAR shows more data than 2BCL5 is
July, where 2BCL5 does not have any days with valid cloud observations. During all other
months DARDAR shows a lesser or an equal amount of days with available data. The largest
reductions in the amount of observations are present during April, May and September.
It suggests 2BCL5 overall is more complete as less observational data is removed when the
CloudSat and CALIPSO observations are combined, although the lack of measurements
during July is unusual. Looking into a similar product to 2BCL5 that does not include
CALIPSO lidar measurements, 2B-CLDCLASS R05, CloudSat data is available during July.
This means that the gap in 2BCL5 during July 2016 may be an issue with the CALIPSO
data. However, CALIPSO measurements are available during this time and DARDAR can
combine CloudSat observations with them in their product. This gives an indication that
the gap in July is indicative of a problem in 2BCL5’s processing rather then a lack of data
from either satellite.
The differences between the availability of 2BCL5 and DARDAR measurements might also
mean that DARDAR has stricter quality control methods that remove more data, and is
therefore a more representative dataset. There are six months such as August and Decem-
ber where the two are either in agreement or have a difference in the number of available
observations of a day, so this is unlikely.
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Figure 3.10: Days with available data for each month during 2016 for both DARDAR and
2BCL5. Red bars indicate DARDAR, blue bars indicate 2BCL5. Purple bars indicate overlap
between the two. Gaps indicate months with no DARDAR data.
3.4.2 Latitudinal cross sections of DARDAR cloud occurrence
The latitudinal distribution of cloud occurrence as a function of altitude for the total cloud
as well as the separate phases was created for DARDAR in Figure 3.11. This was completed
using a process identical to Figure 3.6 where profiles of cloud occurrence in each latitude
were joined together to make a contour plot.
Figure 3.11a shows the global distribution of cloud occurrence for all phases across each
latitude and altitude. A maximum cloud occurrence of 48% at an altitude of 1 km is located
at approximately 65S. This shows globally cloud is dominated by low level boundary layer
cloud. Other places where Figure 3.11 shows local maxima are in the tropics at 10N, at a
height of 11.5 km, and 60N at a height of 4 km.
Figure 3.11b-d shows that cloud is dominated by ice phase cloud with the Southern Ocean
maximum of 48% consisting of approximately 35% ice, 8% liquid and 5% mixed phase cloud.
Globally, ice is dominant except at mid to low latitudes where ground level clouds are pri-
marily liquid phase. There is mixed phase cloud with a maximum of 4.5% over the Southern
Ocean, but this is a small amount compared to the ice cloud at these heights. Liquid phase
cloud is present in the bottom 5 km of the atmosphere which lowers around 40N/S. Liquid
phase cloud has a maximum of 12% at an altitude of 1.2 km and a latitude of 40S.
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Figure 3.11: Latitudinal distribution of cloud occurrence as a function of altitude for the
total cloud (a.) as well as the ice (b.), mixed (c.) and liquid (d.) phase cloud for DARDAR
cloud observations.The red dashed lines indicate isotherms of constant temperature. Note
that the scales are different on subplots c. and d. to highlight where cloud occurs.
Comparing the distribution of the ice, mixed and liquid phase cloud, above an altitude of
5 km cloud consists of ice, apart from a small proportion of mixed phase cloud. Below 5
km cloud consists of liquid between 0 to 40N/S and a combination of liquid, ice and mixed
phase cloud poleward of this latitude. Apart from a sizable low level liquid distribution
stretching to 60S, this is mostly ice. According to the isotherms, ice is located in places
where you would expect temperatures to be below 0 ◦C. Small amounts of ice phase cloud
are present below the 0 ◦C isotherms, but as in the case for 2BCL5 this can be explained by
variations in the position of the isotherms due to seasonal cycles in the temperature. Mixed
phase cloud is located at high latitudes where sub zero conditions allow the combination
of ice crystals and supercooled liquid water to exist. Mixed phase cloud matches well with
the 0 ◦C and -38 ◦C isotherms, within what would be excepted due to seasonal variations
in temperature. Mixed phase clouds are present at all latitudes (Korolev et al., 2017) but
are lowest over tropical latitudes (Mülmenstädt et al., 2015; Korolev et al., 2017; Wang,
2019). However, mixed phase cloud is absent between 40N/S and only has an occurrence
of up to 5% elsewhere. This suggests that DARDAR may under-represent tropical mixed
phase cloud. Liquid cloud extends to an equal height at both the equator and poles, but has
a dip over mid latitudes. As the height of the 0 ◦C isotherm is higher in the tropics than at
the poles due to warmer temperatures, you would expect that the liquid phase cloud would
extend to a greater altitude at the equator.
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Similarly to 2BCL5, DARDAR cannot completely resolve cloud down to the ground. To
highlight this Figure 3.11a is constrained between latitudes of 40S to 80S and altitudes be-
low 2.5 km, shown on Figure 3.12. Here cloud falls away below 0.8 km with little cloud
below 0.5 km, and almost no cloud below 0.25 km. The maximum amount of cloud is at
an altitude of 1 km. This shows a clearer picture low level cloud than seen in Figure 3.7
for 2BCL5. 2BCL5 shows a maximum above 1 km where cloud falls off significantly below
this point. DARDAR has a much smoother resolution close to the ground and sees a better
representation of the cloud.
Figure 3.12: Subset of the latitudinal distribution of cloud occurrence for all phases, plotted
in Figure 3.11a. Latitude has been restricted to between 40S and 80S. Altitude has been
restricted to below 2.5 km.
Something that is present in Figure 3.11a is an irregularity in the cloud occurrence at an
altitude of just below 12.5 km. At this height the contours pinch inwards, which is coming
from Figure 3.11b for the ice phase cloud. While assessing the second version (v2) of DAR-
DAR compared to the first (v1), Ceccaldi et al. (2013) investigated the differences in cloud
occurrence depending on latitude and altitude. Figure 3.13 shows the result of this analysis,
where distributions of cloud occurrence were produced using DARDAR observations from
January, February and March 2010.
Figure 3.13c, assessing the difference between DARDAR v1 and v2 shows a dark line just
below 12.5 km where less cloud is detected in v2 at this height. This irregularity is a result
of v2’s processing and matches the similar pattern seen in Figure 3.11b.
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Figure 3.13: Comparison of hydrometeor occurrence between DARDAR v1 and v2 for Jan-
uary, February and March 2010 for (a.) Hydrometeor occurrence with respect to latitude
and altitude for DARDAR v1. (b.) Same as a. but for DARDAR v2. (c.) The difference
between DARDAR v1 and DARDAR v2. A positive difference means DARDAR v1 detects
a greater amount of cloud (Ceccaldi et al., 2013).
To verify the results obtained in this study the Ceccaldi et al. (2013) representation of DAR-
DAR v2 (Figure 3.13b) cloud was compared to the representation of DARDAR produced in
Figure 3.11. Ceccaldi et al. (2013) shows a maximum of cloud over the Southern Ocean of
approximately 50%. This matches with what is seen in Figure 3.11 with a 48% maximum
over the Southern Ocean. Although both figures have produced DARDAR cloud occurences
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for different temporal periods, they show global structures that represent the cloud simi-
larly. The difference between the two is that Figure 3.13b shows a much greater amount
of cloud in the bottom 5 km between 40N and 40S. Figure 3.13 represents all hydromete-
ors (which include both cloud and precipitation). Figure 3.11 was created ignoring features
that have been classified by DARDAR as precipitation, as cloud was to be looked at directly.
To compare the two more directly, the DARDAR categorisations of ”warm rain” and ”cold
rain” were included in the liquid phase cloud mask. Figure 3.14 shows latitudinal profiles of
occurrence for all hydrometeors, compared to Figure 3.11 that ignored precipitation. Previ-
ously an issue was identified in the extent of the liquid phase cloud, where it appeared too
high at the poles. The liquid phase hydrometeor occurrence in Figure 3.14d has dropped
towards the poles from 5 km in Figure 3.11 to below 2.5 km, which matches better with
the isotherms. The maximum in the liquid phase cloud still occurs in the same place of
40S, but has doubled from 12% to 24%. The amount of liquid has increased, mostly in the
tropical and subtropical regions between 40S and 40N. This change in the liquid occurrence
is also reflected in Figure 3.14a, where the gaps below 5 km at low to mid latitudes have
been filled in. Given that both plots are derived from DARDAR measurements of both
cloud and precipitation, it is unsurprising that the match with Figure 3.13 is much better
for Figure 3.14 compared to Figure 3.11. This provides verification that the processing of
the DARDAR observations and subsequent graphs are accurate as differences seen can be
corrected by adding precipitation.
Figure 3.14: Latitudinal distribution of all hydrometeors as a function of altitude for the
total hydrometeor occurrence (a.) as well as the ice (b.), mixed (c.) and liquid (d.) phase
hydrometeor classifications for DARDAR observations. Hydrometeors include detections of
clouds and precipitation. The red dashed lines indicate isotherms of constant temperature.
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3.5 Comparing 2BCL5 & DARDAR
3.5.1 Differences in latitudinal cloud occurrence
Both 2BCL5 and DARDAR have been used to derive global distributions of cloud occur-
rence. Both show a reasonable picture of the total cloud, observing the highest extent of
the cloud top well and showing the greatest amounts of cloud in similar places. The biggest
difference between the relative shapes of Figure 3.6a and Figure 3.11a is the amount of sub-
tropical and tropical cloud. 2BCL5 shows a large amount of cloud here, whereas DARDAR
observes little. Instead representations of 2BCL5 cloud will be compared with DARDAR
cloud and precipitation features, which corrected subtropical and tropical cloud deficiencies
identified in Figure 3.11.
Initially, it was thought that the 2BCL5 excluded precipitation in its cloud mask deter-
mination. The 2BCL5 processing document (Wang, 2019) states that one of the primary
inputs for cloud determination in 2BCL5 is a cloud mask from another CloudSat product
named 2B-GEOPROF. This “cloud mask” indicates where radar reflectivity measurements
are likely due to real hydrometeors, that is clouds or precipitating particles. It does not
distinguish between cloud and precipitation, which transferred to the 2BCL5 cloud masks.
With this in mind, comparison between 2BCL5 and DARDAR will include the precipitation
feature masks in the DARDAR cloud distribution.
Even with precipitation included in both products, the two show large differences in the total
amount of cloud, how it is partitioned between the ice, mixed and liquid phases, and how
each phase is globally distributed (See Figures 3.6 and 3.14). This is either due to differ-
ent processing algorithms, or a result of the different temporal periods of the two datasets;
The first point is likely to be dominant. 2BCL5 was analysed between 2006 and 2017 while
DARDAR was analysed only during 2016 to match the AWARE ground based dataset. To
remove the temporal differences between the two the 2BCL5 measurements were restricted
to 2016 only. Due to similarities with Figure 3.6, the figure for the 2016 2BCL5 latitudi-
nal cloud occurrence can be found in Appendix C. Absolute differences between the two
are displayed on Figure 3.15 which shows the 2016 2BCL5 measurements subtracted from
the 2016 DARDAR measurements, including precipitation. A positive difference indicates
that DARDAR is reporting more hydrometeors and likewise, a negative difference indicates
2BCL5 reports more hydrometeors.
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Figure 3.15: Differences in hydrometeor (cloud and precipitation) occurrence between DAR-
DAR and 2BCL5 during 2016, broken into (a.) the total amount of hydrometeors and the
difference phases (b.) ice, (c.) mixed and (d.) liquid. A positive difference indicates DAR-
DAR is greater and a negative difference indicates 2BCL5 is greater. The black dashed lines
indicate isotherms of constant temperature. Note that subplot b. has a larger scale on the
colour bar.
Figure 3.15a shows that overall 2BCL5 detects more hydrometeors than DARDAR, except
closest to the ground where DARDAR shows a greater amount of hydrometeors in the bot-
tom 1 km. Figure 3.15c shows that 2BCL5 always detects more mixed phase hydrometeors,
with an absolute difference up to 25% over the Southern Ocean maximum. DARDAR clas-
sifies these hydrometeors as either ice or liquid depending on geographical positions, as can
be seen in Figure 3.15b/d. Figure 3.15b shows a clear separation between the blue region
where 2BCL5 detects more hydrometeors and the red region where DARDAR detects more
hydrometeors. This matches well with the position of the -38 ◦C isotherm. DARDAR detects
more ice phase hydrometeors in between the isotherms, where mixed phase hydrometeors
are able to be present. 2BCL5 instead classifies this cloud as mixed phase. Figure 3.15d
shows that DARDAR detects more liquid phase hydrometeors below the 0 ◦C isotherm,
while 2BCL5 classifies this as mixed phase hydrometeors. Strong matches with the 0 ◦C and
-38 ◦C isotherms suggest a large dependence on temperature for both 2BCL5 and DARDAR
when classifying phase, and points to difference between 2BCL5 and DARDAR in how they
determine cloud phase.
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3.5.2 Differences in 2BCL5 and DARDAR phase determination
Both 2BCL5 and DARDAR represent ice and liquid phase cloud well with respect to temper-
ature constraints (Figures 3.6 and 3.14). The biggest differences between the two lie in the
datasets representation of mixed phase cloud. DARDAR mixed phase cloud falls within the
0 ◦C and -38 ◦C isotherms well, but there is a gap in the coverage of mixed phase cloud over
the tropics. Mixed phase clouds are present at all latitudes (Korolev et al., 2017) but are
lowest over tropical latitudes (Mülmenstädt et al., 2015; Korolev et al., 2017; Wang, 2019).
This suggests that DARDAR under-represents tropical mixed phase cloud. 2BCL5 instead
shows mixed phase cloud at all latitudes, ranging from a vertical extent of 5 km over the
polar regions to 15 km over the equator. Their representation of mixed phase cloud occurs
commonly below the 0 ◦C isotherm and above the -38 ◦C isotherm. Because the isotherms
are produced by taking an average, they do not account for the seasonal cycle in temperature
shifting their positions. However mixed phase cloud is present almost everywhere, outside
the expected variations of the isotherms. This suggests that 2BCL5 is incorrectly classifying
cloud mixed phase cloud.
In order to determine cloud phase, 2BCL5 uses a process primarily driven by the temper-
atures of the cloud top and cloud base. They classify detections as ice if both the cloud
base and cloud top are below a temperature of -38.5 ◦C. At temperatures both this also
uses a temperature dependent radar reflectivity (Ze) threshold and an integrated attenuated
backscattering coefficient threshold to classify phase (D. Zhang et al., 2010). This splits the
cloud into liquid, ice and mixed phase. DARDAR also uses a temperature dependent classi-
fication scheme. Above 0 ◦C detections are classified as water and below -40 ◦C detections
are classified as ice. In between these two temperatures, the strength of the lidar backscatter
signal to locate any attenuating high backscatter layers. They then attempt to classify these
layers, based on temperature, cloud thickness, radar reflectivity, and altitude (Ceccaldi et
al., 2013). Both 2BCL5 and DARDAR use temperature dependent processes for the same
reason: The lidar depolarisation ratio that can be use to classify phase is too noisy to all
phase identification with enough certainty. The same CloudSat product of ECMWF-AUX
is used by both 2BCL5 and DARDAR to get temperature information.
The biggest differences between the two lie in how they assign phase to cloud detections.
2BCL5 splits cloud into layers with distinct cloud tops and bottoms. Each cloud layer is
assigned a phase based on the 2BCL5 classifications algorithms. DARDAR classifies each
pixel separately, so a cloud layer identified by 2BCL5 might have multiple classifications
given by DARDAR. This offers an explanation to the differences in the mixed phase parti-
tioning between 2BCL5 and DARDAR, where mixed phase 2BCL5 detections are classifies
as ice/liquid by DARDAR. While 2BCL5 will generalise a whole cloud layer as mixed phase
cloud if it detects both ice and supercooled liquid water, DARDAR will classify the parts of
cloud that are ice, liquid and mixed phase separately. Figure 3.11 identifies that DARDAR
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classifies little cloud as mixed phase cloud and Figure 3.6 identifies that 2BCL5 classifies
mixed phase cloud outside the 0 ◦C and -38 ◦C isotherms. These changes are explained by
the different classifications of cloud phase by 2BCL5 and DARDAR.
3.5.3 Importance of cloud over the Southern Ocean
Both 2BCL5 and DARDAR show the greatest amount of cloud over the Southern Ocean.
Chapter 1 identified the Southern Ocean as an area of importance, due to a high shortwave
radiation bias causing increased sea surface temperatures. The Southern Ocean also has an
almost constant presence of cloud, which climate models represent poorly.
Figure 3.16 shows differences in cloud occurrence between DARDAR and 2BCL5 for different
latitudinal regions. It shows the difference is greatest over the Southern Ocean (50S - 75S;
blue curve) compared to other regions (grey curve). An 18% difference is seen just below 1
km, where DARDAR shows more cloud above 2BCL5. Above 1 km 2BCL5 shows a more
cloud, with a 6% difference seen at 1.5 km and 8 km. This further highlights the importance
of cloud over the Southern Ocean. If observational products derived from the same set of
satellite measurements show significant differences, climate models will have difficulties rep-
resenting cloud accurately.
Figure 3.16: The difference in cloud occurrence between 2BCL5 and DARDAR as a function
of altitude. Grey lines represent different latitudinal regions, with the Southern Ocean (50S
- 75S) highlighted in blue.
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Another comparison can be made looking at the cloud fraction, which indicates the presence
or absence of cloud. Figure 3.17 shows cloud fraction as a function of latitude for 2BCL5 and
DARDAR observations during 2016. 2BCL5 and DARDAR match well overall, observing
the same pattern in the cloud fraction. A peak in cloud fraction over the Southern Ocean
of 94% matches with previous studies that found the annual mean of cloud fraction over the
Southern Ocean to be 80% - 90% (Kay et al., 2012; McCoy et al., 2014; Matus & L’ecuyer,
2017). Figure 3.18 shows the difference between the two curves. The match is best over
the Southern Ocean, with up to a 10% difference elsewhere. Above 50N DARDAR has a
higher cloud fractions and below 50N 2BCL5 has a greater cloud fraction, except for over
the Southern Ocean.
While the cloud fraction for 2BCL5 and DARDAR matches well over the Southern Ocean,
Figure 3.16 shows the differences in cloud occurrences are greatest over the Southern Ocean.
Both satellites are differentiating between clear/cloudy sky well but differ in what altitudes
cloud is occurring at and how much cloud is present.
Figure 3.17: Latitudinal distribution of 2BCL5 and DARDAR cloud fraction observed mea-
surements during 2016.
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Figure 3.18: Differences in 2BCL5 and DARDAR latitudinal cloud fraction measurements
during 2016.
3.5.4 Validation with external studies
Both 2BCL5 and DARDAR show differences in how they detect cloud and cloud phase. In
order to determine which dataset is better representing cloud further comparisons need to
be made to external studies and datasets. In the Cloud and Aerosols chapter of the IPCC
Fifth Assessment Report, Boucher et al. (2013) discusses the abilities of instruments aboard
the CloudSat and CALIPSO satellites to classify the vertical profiles of cloud occurrence.
Figure 3.19 shows latitude-height sections of annual cloud occurrence (including precipita-
tion falling from cloud). The dashed curves show the annual mean 0 ◦C (liquid) and -38 ◦C
(ice) isotherms, that indicate the edges of the phase regimes.
Both isotherms agree well with those generated by this study using ERA5 temperature re-
analysis. The 0 ◦C isotherm has a peak height of 4.5 km and slopes downward towards the
ground at 60N/S, matching with the 0 ◦C isotherm on Figure 3.15. The -38 ◦C isotherm has
a peak height of 10 km that slopes down similarly to the 0 ◦C isotherm, which also agrees
with Figure 3.15. The distribution of cloud occurrence matches better with 2BCL5 than
DARDAR. A peak occurrence of 60% at 60S matches with Figure 3.6 and the shape of the
distribution shows better agreement. However, it is unsurprising that 2BCL5 matches much
better than DARDAR. Figure 3.19 was made using the 2B-GEOPROF-LIDAR dataset for
observations between 2006 to 2011. Because this product is part of the CloudSat Data Pro-
cessing Centre, cloud occurrence will be heavily biased towards 2BCL5 results, which use the
same processing algorithms. It is unfair use the cloud occurrence here to determine whether
2BCL5 or DARDAR is more representative.
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Figure 3.19: Latitude-height sections of annual cloud occurrence that includes precipitation
falling from cloud, made from the 2B-GEOPROF-LIDAR dataset for 2006 to 2011. The
dashed curves show the annual mean 0 ◦C (liquid) and -38 ◦C (ice) isotherms, that indicate
the edges of the cloud phase regimes (Adapted from Boucher et al., 2013).
This is not an isolated occurrence. While there are combined radar/lidar cloud studies that
could be used to determine which dataset is representing cloud occurrence and cloud phase
better, they have significant biases in the datasets used. CloudSat and CALIPSO are unique
in their abilities to measure the vertical distribution of clouds, so studies are completed using
their products. Studies using 2BCL5 or similarly processed datasets show cloud occurrences
comparable to what has been found here (Mace et al., 2009; Wang, 2019) with the similar
agreement for studies that use DARDAR observations (Mülmenstädt et al., 2015).
3.5.5 Summary and Conclusions
The 2BCL5 and DARDAR datasets have apparent strength and weakness. Both represent
the show similar observations for the cloud fraction and show reasonable shapes of global
cloud occurrence. They disagree on how this is distributed depending on both latitude and
altitude. DARDAR detects a greater cloud occurrence below 1 km and 2BCL5 has a greater
cloud occurrence elsewhere. When it comes to how 2BCL5 and DARDAR partition between
the cloud phases, both represent ice and liquid phase cloud well with respect to temperature
constraints. Differences lies in how DARDAR and 2BCL5 determine mixed phase cloud.
They agree that the most mixed phase cloud is over the Southern Ocean but disagree with
the amount, up to 25%. DARDAR classifies cloud detected as mixed phase by 2BCL5 as
either ice or liquid depending on altitude and latitudinal positions, and misses mixed phase
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cloud over the tropics. 2BCL5 classifies cloud as mixed phase incorrectly where it exists
below the 0 ◦C isotherm and above the -38 ◦C isotherm. 2BCL5 splits cloud into layers with
distinct cloud tops and bottoms while DARDAR classifies each pixel separately. This means
2BCL5 will generalise a whole cloud layer as mixed phase cloud if it detects both ice and
supercooled liquid water while DARDAR will classify the parts of cloud that are ice, liquid
and mixed phase separately. This offers an explanation to the differences without a clear
picture of whether either one is better.
Overall, it is hard to classify either 2BCL5 or DARDAR as a more representative dataset
without another dataset for comparison, independent of the processing of either. Using ex-
ternal studies to validate whether 2BCL5 of DARDAR is better proves difficult, as they tend
to use observational products related to 2BCL5/DARDAR that bias comparisons. This is
where the motivation for using ground based radar/lidar measures of cloud comes from, as
well as the satellites inability to completely resolve cloud closest to the ground. Work in
this chapter identifies the Southern Ocean as an area of interest. The Southern Ocean has
maxima in cloud occurrence and cloud fraction. It also has the biggest differences between
2BCL5 and DARDAR cloud occurrence while the cloud fraction observations are in agree-
ment. However, ground based measurements vertically resolving cloud and cloud phase over
the Southern Ocean are uncommon due to the logistical issues of collecting measurements
in a region dominated by ocean.
Ground based measurements from the AWARE campaign over McMurdo Station in Antarc-
tica provide a comparison with 2BCL5/DARDAR observations, and are discussed in detail
in Chapter 4. The first climate-related field campaign in West Antarctica in more than 40
years, AWARE provides a rare surface based dataset in the region. This independent dataset
will provide valuable information in determining whether 2BCL5 or DARDAR is the better
dataset to use for classifying cloud phase.
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Chapter 4




The data used from the AWARE campaign came in the form of hourly cloud occurrences
based on measurements from the KAZR and HSRL instruments. Each profile has a vertical
resolution of 7.5 m and were collected from McMurdo Station during the whole of 2016. The
AWARE data has several types of masks defined: liquid (liquid-bearing air volumes, based
on HSRL lidar detections), all detected hydrometeor (ice + liquid, based on HSRL lidar
+ KAZR radar detections), as well as radar/lidar only masks with detected hydrometeors
based exclusively on HSRL/KAZR data. The AWARE dataset also contains KAZR/HSRL
data availability metadata and HSRL hourly-mean extinction altitude profiles. Both the
KAZR and the HSRL datasets are rather complete, with more than 97% data availability
during 2016 (Silber et al., 2018).
In order to use the cloud masks the KAZR/HSRL data availability had to be considered.
The hourly cloud statistics were formed using smaller profiles sampled every 10s. Hours
with small amounts of detected data might cause a potential low-sampling bias. An investi-
gation was completed into the proportion of AWARE observations that were removed using
different thresholds for the quality of the hourly cloud occurrence. Both KAZR and HSRL
measurements needed to have an availability higher than the threshold or be excluded. A
higher quality threshold means a higher proportion of observations must be available for that
hour, with a threshold of one representing that 100% of both HSRL and KAZR measure-
ments are available. Figure 4.1 shows the percentage of observations that are removed for
different quality thresholds. Up to a threshold of 0.65, a small amount of observations (just
over 1%) are removed. This increases steadily between thresholds of 0.65 and 0.85 to around
3%, then increases sharply until approximately 19% of AWARE observations are removed
for a quality threshold of 1. A 75% availability for both the KAZR and HSRL datasets each
hour was decided upon, as it removed low quality data while still leaving a sizable amount
for analysis. This threshold, shown as the black dotted line on Figure 4.1, resulted in an
exclusion of 2.3% of hourly measurements over the entire year.
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Figure 4.1: Proportion of AWARE observations removed for different threshold in the hourly
availability of KAZR and HSRL measurements. The black dotted line indicates the chosen
threshold of 0.75.
4.1.2 2BCL5, DARDAR and AWARE combined processing
Further processing was carried out upon the AWARE, 2BCL5 and DARDAR measurements
so that they could be compared. Observations are required to be matched both spatially
and temporally. To allow coincident measurements to be examined the satellite data was
masked so that only observations falling within an area centered around McMurdo Station
were used. The AWARE data was masked so that only measurements occurring within a set
number of hours before or after a CloudSat/CALIPSO pass over McMurdo are considered.
All measurements from CloudSat/CALIPSO and the AWARE datasets used include both
cloud and precipitation in their cloud masks. Because AWARE and 2BCL5 cannot distin-
guish between the two, they shall be considered together and DARDAR observations shall
also include precipitation.
In order to determine a region within which satellite observations would be considered, the
geography around McMurdo was examined. A balance is needed between a region that al-
lows the greatest amount of satellite data while still being representative of conditions over
McMurdo. Figure 4.2 shows McMurdo Station, indicated by the red point, and the topogra-
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phy of the surrounding area. The black box indicates a 5 degree grid centered on McMurdo.
This is chosen for the spatial region examined for the 2BCL5 and DARDAR data as it was
large enough to have a considerable number of satellite passes over the region, while it also
excluded the Trans-Antarctic mountains to the west. Inclusion of the the Trans-Antarctic
mountains would have biased the low-level cloud values examined.
Figure 4.2: Topographical map of the area surrounding McMurdo Station, indicated by the
red point. The black box is the chosen 5 degree region within which satellite observations
are considered.
For the temporal resolution of the AWARE data, a greater resolution provides more hourly
AWARE profiles that correspond to a 2BCL5 pass, but also could mean that the cloud ob-
served by the different instruments might be associated with distinct weather patterns. The
two distinct patterns would be averaged together to produce a result that is unrepresentative
of either. A previous study by Coggins et al. (2014) was used to help determine an appropri-
ate number of hours either side of a 2BCL5/DARDAR pass where AWARE profiles would be
considered. The study used a k-means clustering technique to produce a synoptic climatol-
ogy of the Ross Sea and Ross Ice Shelf regions. One aspect that their study investigates was
the characteristic time periods of each cluster, defined as the length of time where a certain
state in the region occurs uninterrupted before changing into another state. They found
that for most of the clusters the mean time period fell between 13 and 20 hours. A follow
on study by Jolly et al. (2018) used this synoptic climatology to quantify the vertical distri-
bution of cloud occurrence, phase, and type over the Ross Ice Shelf and southern Ross Sea,
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which encompasses McMurdo Station. They found large differences between the synoptic
regimes relative to seasonal variation for the cloud occurrence as a function of altitude. This
suggested the synoptic regimes are important for clouds in this region. However, they also
found that the cloud phase was strongly modulated by season, rather than synoptic regime.
This suggested the most important control on cloud phase in the region is still temperature.
A more specific study of cloud persistence using the AWARE data was carried out by Silber
et al. (2018). They investigated the persistence of all cloud layers, as well as those consisting
only of liquid. AWARE measurement showed that the mean cloud persistence is between 5
to 10 hours depending on the month. However liquid cloud layers have a much smaller mean
persistence of 2.7 hours and 54% do not last for more than 1 hr. As liquid cloud is the only
phase that can be easily compared between the three datasets, a temporal threshold of 1
hour either side of the closest AWARE measurement during a satellite overpass is chosen (3
hours in total).
The satellite observations are then broken into each CloudSat/CALIPSO pass though the
selected 5 degree region around McMurdo. The AWARE observations are matched within
an hour either side of these passes to generate a set of spatially and temporally co-located
and coincident measurements for both 2BCL5/AWARE and DARDAR/AWARE. Only the
months of January, March, September, October, November and December had any overlap
between the satellite and ground based observations. No data was available for February
for either 2BCL5 and DARDAR due to a lack of CALIPSO observations. Cloud occurrence,
cloud fraction and cloud phase could not be determined for the remaining months of April,
May, June, July and August. This is due to limitations of CloudSat being able to only
operate during the sunlit portion of its orbit, as shown in Figure 3.3.
Because of the differing availability of 2BCL5 and DARDAR, each dataset produces a dif-
ferent amount of passes over McMurdo throughout 2016. 2BCL5 has 238 satellite passes
that match with AWARE observations while DARDAR has 202. Figure 4.3 shows how these
passes are split between the six months of overlapping satellite and ground based cloud obser-
vations. 2BCL5 shows the most passes across all months, which makes sense as it has more
data available than DARDAR in general, which suggests that the DARDAR quality control
criteria are more demanding. Figure 3.10 displays the differences in the days in the month
with available measurements between 2BCL5 and DARDAR. It shows that for the months
with satellite/ground overlap, January and September have the differences between 2BCL5
and DARDAR. This matches well with Figure 4.3, where January and September once again
show the biggest differences between 2BCL5 and DARDAR. March and September show the
least passes so comparisons here may be biased due to a smaller sample size. Comparing
when both 2BCL5 and DARDAR both show a pass over McMurdo at the same time, four of
the months show equality between the DARDAR passes. That means for these months all
the DARDAR passes are seen by 2BCL5, and are a subset of the 2BCL5 passes. However,
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two months show less overlapping passes than the amount of DARDAR passes. This means
there are times that DARDAR reports a pass while 2BCL5 does not. The passes used for
comparison with AWARE were further filtered to only include passes that both satellites
were seeing, which reduced the total to 194.
Figure 4.3: Satellite passes over McMurdo Station during 2016 for 2BCL5, DARDAR and
overlapping passes between the two.
4.2 Analysis
4.2.1 AWARE vertical temperature profiles
Figure 4.4 shows vertical temperature profiles for the AWARE dataset across 2016. The
black line indicates the edge of the homogeneous freezing regime at -38 ◦C (Lamb & Verlinde,
2011), above which any supercooled liquid in the cloud will freeze readily. Temperature pro-
files were generated using radiosonde soundings over McMurdo as discussed in Chapter 2.2.1.
McMurdo Station shows a seasonal change in temperature where the summer months are
warmer. Overall surface temperatures rarely get above 0 ◦C, so liquid present is likely to
be supercooled. The -38 ◦C isotherm follows the same seasonal pattern where its height is
raised in the warmer months due to the greater temperatures, however large variations are
present. Silber et al. (2018) carried out similar analysis of temperature soundings and found
near identical results.
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Figure 4.4: Vertical temperature profiles at McMurdo station during 2016 obtained from
twice-daily temperature measurements taken during the AWARE campaign. The verge of
the homogeneous freezing regime at -38 ◦C is indicated by the black curve.
4.2.2 AWARE cloud occurrence
The cloud occurrence over McMurdo Station for the 2016 AWARE measurements is shown
in Figure 4.5. AWARE observations that coincide with 2BCL5 and DARDAR have been
displayed for January, October, November and December. March and September have been
excluded from this graph due to their small number of passes. Measurements have been
split into different cloud phases as detected by AWARE. The red dashed line is the liquid
phase cloud, the green dashed line is the ice phase cloud, and the black dashed line is the
cloud occurrence for all phases. The area between the green and black lines represents the
phase that AWARE classified as ‘unknown’. As talked about in Chapter 2 this was due to
a lack of lidar observations. The HSRL lidar instrument is attenuated by low level clouds,
which is needed for AWARE to classify the phase. While it is possible that lidar observa-
tions could be missing due to equipment malfunction, Silber et al. (2018) reports that both
the KAZR and the HSRL datasets are rather complete, with more than 97% data avail-
ability during 2016. They also note that the unknown phase is likely to mostly represent
ice phase cloud, although some supercooled liquid water will be present in the unknown
classification. The purple line represents the level of the -38 ◦C isotherm, the edge of the
homogeneous freezing regime. This was produced by taking the average temperature profile
across all passes using the twice-daily radiosonde observations over McMurdo. The closest of
the twice-daily temperatures observations was assigned as each pass as a temperature profile.
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Figure 4.5: Cloud occurrence for 2016 AWARE data overlapping with 2BCL5 and DARDAR.
Observations are partitioned between the phases, where the red dashed line is the liquid phase
cloud, the green dashed line is the ice phase cloud, and the black dashed line is the total
cloud for all phases. The purple line represents the level of the -38 ◦C isotherm, the edge of
the homogeneous freezing regime.
The AWARE cloud profiles show liquid phase cloud occurring in the bottom 4 km of the
atmosphere, except for December where liquid phase cloud up to an altitude of 4.5 km
is observed. It shows a maximum of 5%, with no pattern of where it peaks between the
months. For all months liquid phase cloud falls below the -38 ◦C isotherm, so the AWARE
phase algorithm is classifying liquid correctly with respect to temperature. The ice cloud
phase extends much higher than the liquid phase cloud, but shows reduced frequency after
an altitude of 4 km. This matches with an increase of unknown phase cloud. Ice phase
cloud peaks at an altitude below 1 km during January and October, but is higher at 2 km
- 2.5 km during November and December. The unknown phase cloud dominates the cloud
occurrence above altitudes of 4 km, due to the extinction of the lidar signal preventing clas-
sification of the cloud phase. The altitudes at which the unknown phase show maxima in
the cloud occurrence match well with the altitudes at which ice phase cloud show maxima
in the cloud occurrence. This further highlights that the unknown phase cloud is likely to
be ice. AWARE shows high cloud occurrences down to the surface.
Figure 4.5 appears to show artifacts in the cloud occurrence of ice phase cloud below an
altitude of 1 km for January and October. Figure 4.6 shows a subset where the altitude
has been restricted to below 1.5 km. This clearly highlights an irregular decrease in ice
cloud occurrence of approximately 10% at an altitude of 300 m. These are likely to be a
result of the AWARE processing, but could be a result of the temporal restrictions placed
on the AWARE dataset. The AWARE dataset was constricted to only observations that
coincide with the 2BCL5/DARDAR satellite passes over McMurdo. In their evaluation of
the AWARE dataset, Silber et al. (2018) produces vertical profiles of AWARE cloud similar
to the cloud occurrence profiles in this study. They also show artifacts in the ice phase cloud
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at an altitude of 300 m where the cloud occurrence drops by 10%. They also see an increase
in the unknown phase cloud at an altitude of 800 m, which can be seen in the January and
December sub-figures of Figure 4.6. Their profiles of cloud are averaged across the whole
AWARE dataset, so the artifacts seen in Figure 4.6 are present throughout the whole dataset.
To verify their results profile of cloud occurrence for the whole of the AWARE dataset are
shown in Appendix D. The profiles have artifacts present, which reinforces the conclusion
that artifacts in the ice phase cloud are not isolated to the 2BCL5/DARDAR passes the
AWARE observations are restricted to in this study.
Figure 4.6: Cloud occurrence for 2016 AWARE data overlapping with 2BCL5 and DARDAR
an in Figure 4.5, but restricted to altitudes below 1.5 km to highlight artifacts in the ice
phase cloud.
4.2.3 Comparison of 2BCL5, DARDAR and AWARE cloud oc-
currence
The cloud occurrences over McMurdo Station comparing AWARE with 2BCL5 and DAR-
DAR at each altitude are shown in Figure 4.7. Cloud profiles for each pass are averaged
together and split into the various phases for each dataset. As in the case of Figure 4.5,
observations during January, October, November and December are displayed; Observations
during March and September have been excluded (See Appendix E). The filled curves rep-
resent the DARDAR (Figure 4.7a-d ) and 2BCL5 (Figure 4.7e-h) where the darkest blue
shaded region indicates liquid phase cloud, the lightest blue shaded region represents ice
phase cloud, and in between the two represents the mixed phase cloud region. The dashed
curves represent the AWARE data as displayed in Figure 4.5. Annotated alongside the
month at the top of the figure are the number of passes in each of the months for reference
purposes. The purple line represents the altitude of the -38 ◦C isotherm, the edge of the
homogeneous freezing regime across all passes. Because Figure 4.4 shows large variations in
the edge of the homogeneous freezing regime, the maximum altitude of the -38 ◦C isotherm
is also considered (dashed line).
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Figure 4.7: Mean vertical profiles of cloud occurrence for different cloud phases derived from
observations over McMurdo Station during 2016. The dashed lines represent the AWARE
cloud occurrence and the filled curves represent DARDAR (a - d) and 2BCL5 (e - h) cloud
occurrences. Each month as well as the number of passes are annotated at the top of the
figure. The purple lines represents the mean (solid) and maximum (dashed) altitudes of the
edge of the homogeneous freezing regime across all passes.
Figure 4.7a-d shows DARDAR cloud occurrence profiles have liquid phase cloud that extends
up to an altitude of 6 km and a maximum amount of just over 5%. There is mixed phase
cloud where liquid cloud is detected, but only a few percent at the most. The majority of
DARDAR cloud is classified as ice phase, extending up to an altitude of 10 km. Maxima in
the ice phase cloud (which corresponds to the maximum of the cloud occurrence) generally
occur between 2 km and 3 km for January, November and December, but occur at a lower
altitude during October of just above 1 km. Below the maxima DARDAR cloud occurrence
falls off rapidly, where below 1 km cloud occurrence has a frequency of less than 10%.
No liquid appears to be located above the mean -38 ◦C isotherm, but a proportion of the
mixed phase cloud is located above this altitude. The mean isotherm is taken from an av-
erage across all passes, so the isotherm for the maximum altitude across all passes needs to
be considered. No mixed phase cloud for DARDAR is present above the maximum level of
the -38 ◦C isotherm which shows DARDAR is representing liquid and mixed phase cloud
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correctly with respect to temperature constraints.
Figure 4.7e-h for 2BCL5 shows up to a 10% frequency of liquid phase cloud between altitudes
of 0 km and 5 km, with the maxima in cloud occurrence occurring between 0.3 km and 1
km. Liquid phase cloud tends to drop off rapidly at altitudes above the maxima, although
the summer months of December and January show increased cloud occurrence at higher
altitudes due to warmer temperatures.
All months show mixed phase cloud with maxima in the cloud occurrence at altitudes be-
tween 2 and 3 km. October has the least amount of mixed phase cloud and shows none
above 4 km, reflected by the lowest position of the -38 ◦C isotherm. The other months
show mixed phase cloud above the mean altitude of the -38 ◦C isotherm where liquid water
should not be present. November and December show mixed phase cloud up to a height of
6.5km, which can be explained when looking at the maximum level of the isotherm across
all passes. January however, shows the presence of mixed phase cloud up to an altitude of 9
km. This is much higher than the 7 km maximum of the -38 ◦C isotherm observed in Figure
4.7. This points to limitations with how the 2BCL5 mixed cloud phase is determined. In
all months the mixed phase cloud occurrence shows a rapid decrease below 2 km with little
mixed phase cloud present in the boundary layer below 1 km. This likely due to the satel-
lites underestimating cloud occurrence rather than an absence of low level mixed phase cloud.
Ice phase cloud is consistently present in all months up to heights of 11 km, although only
October shows a large occurrence of ice clouds above 9 km. Looking at the 2BCL5 cloud as
a whole, the maximum for the monthly cloud occurrence occurs between altitudes of 1.5 and
3 km. All of these coincide with where the mixed phase cloud is also the greatest. Below
the maxima, cloud occurrence falls off swiftly with little cloud below an altitude of 1 km, as
in the case for DARDAR.
Representation of DARDAR cloud matches better with constraints set by the altitude of the
-38 ◦C isotherm. 2BCL5 shows a large amount of mixed phase cloud above this level, which
is most prominent in the warmest month of January. Comparing DARDAR and 2BCL5 as
a whole, profiles for the cloud occurrence for all phases from Figure 4.7 are shown on Figure
4.8. The black line represents 2BCL5 and the filled curve DARDAR. Only passes where
both 2BCL5 and DARDAR detect cloud are considered. 2BCL5 systematically has a higher
occurrence of cloud than DARDAR, except below 1 km where DARDAR systematically has
a higher occurrence of cloud than 2BCL5. Although they differ in the amount of cloud
observed, the shapes of their profiles are similar with areas of high and low cloud occurrence
at the same altitudes. This might be expected as these two products are derived from the
same satellite measurements. This matches with what was found for the global cloud distri-
butions (Figure 3.15), but discrepancies between the two points towards differences in the
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way 2BCL5 and DARDAR process the CloudSat/CALIPSO observations.
Figure 4.8: Cloud occurrences for 2BCL5 (Black line) and DARDAR (Filled blue curve) as
shown on Figure 4.7.
The liquid phase profiles from Figure 4.7 for AWARE match with DARDAR during Novem-
ber (c) and December (d), but DARDAR shows a decreased amount of low level liquid cloud
and a greater amount of high level liquid cloud during January (a) and October (b). 2BCL5
matches well with AWARE closest to the surface, but shows a lower amount of the high level
liquid phase cloud (e - h). Overall neither 2BCL5 or DARDAR do a consistent job detecting
the liquid phase cloud reported by the AWARE dataset, although Figure 4.7d/h shows that
during December both DARDAR and 2BCL5 are in agreement with AWARE.
AWARE cloud occurrence shows that at higher altitudes there is an underestimation of cloud
compared to that detected by 2BCL5 and at lower altitudes there is an overestimation of
cloud compared to both DARDAR and 2BCL5. The satellite based data appears to be
unable to detect as much cloud below an altitude of 1 km. Conversely the ground based
data appears to be unable to detect as much cloud as 2BCL5 higher than 4km, although
AWARE and DARDAR appear to match better than AWARE and 2BCL5. AWARE obser-
vations will be attenuated at this height, so a good match with DARDAR might suggest that
DARDAR is also underestimating the cloud at altitudes greater than 4 km. This matches
with Figure 3.15 where DARDAR has been seen to measure less cloud than 2BCL5 above
altitudes of 1 km. The maxima in the cloud occurrence are also at a lower altitude for the
AWARE measurements compared to both 2BCL5 and DARDAR. That neither the satellite
or ground based instrument see a peak in the cloud occurrence at the same altitude is a sign
that neither gets a complete picture of the cloud.
A similar study investigating cloud phase using four years of 2BCL5 data over the Ross Sea
and Ross Ice Shelf regions was carried out by Jolly et al. (2018). Their study does not use
any ground based measurements or another satellite dataset such as DARDAR, but instead
provides a reference point for similarly located measurements for 2BCL5. Although their
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cloud occurrence profiles are smoother due to a larger sampling of data, their results show
reasonable agreement with the results of the 2BCL5 data obtained in this study. They show
that January and December have higher occurrences of mixed phase cloud and liquid phase
cloud extending to an altitude of 4 km which is absent during October and November. Max-
ima in the cloud occurrence of 30% - 40% are dominated by mixed phase cloud, although the
altitudes at which this occurs is higher in some cases. Their results also show the bottom
1km being dominated by liquid phase cloud, as well as a sharp decrease in cloud occurrence
below 1km. Overall their analysis is consistent with the results obtained here for 2BCL5.
The cloud occurrence for all phases shows maxima for between 1.5 km and 3 km for both
2BCL5 and DARDAR. Below this level cloud occurrence falls off rapidly with little cloud
below a height of 1 km for 2BCL5 and 0.5 km for DARDAR. AWARE displays a maximum
in the cloud occurrence at a slightly lower altitude (between 1 and 2.5 km), but also shows
a sustained presence of low level cloud. Because CloudSat is affected by surface clutter be-
low approximately 1.2 km (Marchand et al., 2008; Tanelli et al., 2008) and the CALIPSO
lidar signal cannot pass through thick cloud, it is likely that both instruments that are used
to form the 2BCL5 and DARDAR datasets underestimate the amount of low level cloud.
Above the maxima, AWARE tends to fall off faster than 2BCL5/DARDAR, which shows
clouds extending to higher altitudes. With the lidar signal used within the AWARE dataset
being mostly attenuated above 4 km, detection of the high level cloud is reduced. While the
KAZR radar could still detect much of this cloud, it struggles to detect high level ice clouds
with small optical depths (Sassen & Khvorostyanov, 1998). Neither 2BCL5, DARDAR or
AWARE appears to be able to observe the complete vertical structure of cloud. In order to
get a full picture a combination of ground and satellite based measurements are needed.
To better compare the phases between 2BCL5, DARDAR, and AWARE, twice-daily tem-
perature measurements taken at McMurdo Station during 2016 were used to reproduce the
comparisons between different datasets displayed in Figure 4.7 as a function of temperature
rather than altitude. Cloud occurrence was summed across all altitudes and assigned to a
temperature. Cloud occurrence at each temperature is normalised, where all phases sum to
100% at each temperature. This shows the relative amounts between each of the phases.
Figure 4.9 shows the normalised occurrence of cloud phase at each temperature. 2BCL5 and
DARDAR are split into the ice, mixed and liquid phases, and AWARE into the ice, liquid
and unknown phases. The dashed line indicates the edge of the homogeneous freezing regime
at -38 ◦C.
The top panel of Figure 4.9 for 2BCL5 shows at high temperature supercooled liquid water
dominates, but quickly falls off as the proportions of mixed and ice phase cloud increase at
colder temperatures. Mixed phase cloud starts to fall off below -25 ◦C but shows sustained
presence up until -54.5 ◦C, below which no further cloud is detected. Ice phase cloud dom-
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Figure 4.9: Normalised cloud occurrences for 2BCL5, DARDAR and AWARE from Figure
4.7 as a function of temperature. Cloud occurrence is split into ice, mixed and liquid phase
cloud for 2BCL5 and DARDAR. Cloud occurrence is split into ice, liquid and unknown phase
cloud for AWARE. The dashed line indicates the edge of the homogeneous freezing regime
at -38 ◦C.
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inates the coldest temperatures but lessens as the temperature rises. The middle panel for
DARDAR shows that apart from a large presence of liquid phase cloud at -10 ◦C, ice phase
cloud dominates. There are small amounts of mixed and liquid phase cloud present down to
temperatures of -45 ◦C. Matching between the two is limited to both showing large amounts
of ice phase cloud at the coldest temperatures and liquid phase cloud at the warmest tem-
peratures.
2BCL5 and DARDAR do not agree with the physical limitations inferred from the verge of
the homogeneous freezing regime. 2BCL5 shows that of the cloud classified as mixed phase at
any temperature, 13.9% occurs at temperatures below the -38 ◦C isotherm. 2BCL5 does not
show any liquid phase cloud below -38 ◦C. This matches what was found in Figure 4.7 where
mixed phase cloud is found below the edge of the homogeneous freezing regime, but liquid
phase cloud is not. DARDAR shows 3.4% of cloud classified as liquid phase and 13.8% of
cloud classified as mixed phase at any temperature occurs below the -38 ◦C isotherm. This
disagrees with Figure 4.7 where DARDAR only showed a little mixed phase cloud below
the verge of the homogeneous freezing regime. It was suggested that this could be due to
variations in the positions of the regime as mixed/liquid phase DARDAR cloud falls within
the maximum isotherm across all passes, as seen on Figure 4.7. Using temperature directly
removes this uncertainty on how phase is distributed as a function of temperature and shows
that DARDAR also incorrectly classifies mixed phase cloud. 2BCL5 shows a higher propor-
tion of mixed phase cloud below the -38 ◦C isotherm compared to DARDAR, which extends
to temperatures colder than -50 ◦C. However, DARDAR shows a higher amount of mixed
and liquid phase cloud above the -38 ◦C isotherm relative to the amount below than 2BCL5.
Looking at the proportion of cloud below the -38 ◦C isotherm that is incorrectly classified,
2BCL5 classifies 9.8% of cloud incorrectly as mixed phase cloud. DARDAR classifies 1.8%
of cloud below the -38 ◦C isotherm as either liquid of mixed phase cloud. Both 2BCL5
and DARDAR are incorrectly determining cloud phase based on physical limitations set by
temperature.
Both 2BCL5 and DARDAR use the same product of ECMWF-AUX to get temperature infor-
mation, yet 2BCL5 is worse at identifying cloud phase compared to temperature observations
than DARDAR. It was identified in Chapter 3 that differences in how 2BCL5/DARDAR as-
sign phase to their cloud may play a role in why their phase determinations are different. For
2BCL5, each cloud layer with a distinct top and bottom is assigned a single phase. DAR-
DAR classifies each pixel in a cloud layer separately, so a cloud layer identified by 2BCL5
might have multiple classifications given by DARDAR. This could allow 2BCL5 to identify
mixed phase above the -38 ◦C isotherm, as ’mixed’ for 2BCL5 means that a combination of
ice and supercooled liquid water exits in the cloud layer, rather than the whole cloud being
mixed phase cloud. If mixed phase cloud exists at the cloud base where temperatures are
warmer, 2BCL5 would also assign a mixed phase to the cloud top where temperatures are
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colder.
The bottom panel in Figure 4.9 shows that for AWARE most of the cloud cannot be clas-
sified, and is instead assigned as a unknown phase. Liquid phase cloud is present in small
amounts until approximately -30 ◦C. Ice phase cloud shows a greater proportion relative
to the liquid and unknown phases at the warmest temperatures but falls off significantly
below -25 ◦C as the unknown dominates. This matches what is seen in Figure 4.5 where the
the ability to classify phase falls off as altitude increases (and conversely the temperature
decreases), due to attenuation of the HSRL lidar. AWARE matches well with the verge of
the homogeneous freezing regime at -38 ◦C. This result is uncertain due to the majority of
the cloud here being unclassified, though as identified previously most unknown cloud is
assumed to be ice in the AWARE dataset.
Due to a large part of the AWARE cloud being classified as an “unknown” phase, and
2BCL5/DARDAR classifying some cloud as mixed phase, it becomes difficult to draw com-
parisons between cloud phases for the satellite and the ground based datasets. 2BCL5 uses
a process primarily driven by the temperature of the cloud top and cloud base, but also
uses a temperature dependent radar reflectivity (Ze) threshold and an integrated attenuated
backscattering coefficient D. Zhang et al. (2010). This splits the cloud into liquid, ice and
mixed phase cloud containing a combination of ice and liquid. Contrastingly, DARDAR
uses the strength of the lidar backscatter signal to locate any attenuating high backscatter
layers. They then attempt to classify these layers, based on temperature, horizontal extent
of layer, thickness, reflectivity, and altitude. The algorithms used on the AWARE dataset
use particulate backscatter cross-section and linear depolarization ratio to split the lidar
observations of cloud into liquid and ice cloud. Due to attenuation of their lidar instrument,
much of their cloud observations can not be classified and are instead defined as unknown.
In order to draw better comparisons between the phases better, consistent processing algo-
rithms would need to be applied to the raw radar/lidar measurements rather than trying to
match separately processed products together.
4.2.4 Interannual variability of 2BCL5
It is seen that 2BCL5/DARDAR detect different amounts of cloud compared to AWARE.
Something that was investigated was whether the differences between the satellite and the
ground based measurements could be explained by geophysical interannual variability within
the data. If the differences between the satellite and ground based measurements are smaller
than the variability, then the two might represent each other well.
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While AWARE data exists for 2016 only, 2BCL5 data is currently available from 2006 to
2017. For each of the six months with overlapping data, 2BCL5 cloud occurrence profiles for
each year were compared to analyse the geophysical variability in cloud occurrence between
years. This allows us to understand the geophysical interannual differences within 2BCL5
dataset relative to the 2016 AWARE dataset, and see if they might represent each other well
despite differing in the amount of cloud they observe.
Figure 4.10 shows the variability in the 2BCL5 cloud occurrence for the month of November,
chosen because of its representative nature across the period examined. Similar figures for
the other months can be found in Appendix F. The 2016 average for AWARE is also shown
as a dashed red line on the figure. The profiles for each year of 2BCL5 observations are
shown on each sub-figure, with the target year highlighted as the filled blue curve. The total
amount passes over McMurdo and days in the month with 2BCL5 measurements are anno-
tated on each sub-figure. The number of passes represent the quality of the profile compared
to the yearly average. A low amount of data would produce a profile that is unrepresentative
of that year due to a low sampling bias, which can be seen in the Figure for the remaining
months in Appendix F.
There is a high amount of variability between the total amount of cloud. 2006, 2007 and 2009
show large amounts of cloud, with maxima in cloud frequency above 30%. This contrasts to
2008, 2010 and 2012 which show maxima in the cloud occurrence of less than 20%, just above
10% in the case of 2010. The other years show maxima in the cloud occurrence between 20%
and 30%. What is also interesting is the variations between the highest altitude where the
cloud is detected. For 2014 this altitude is just 7.5 km but for the 2009, 2007 and 2009 cloud
remains present up to an altitude of above 11 km. As might be expected, the 2BCL5 data
underestimates the amount of clouds at low altitudes compared to AWARE and AWARE
underestimates the amount of cloud at higher altitudes compared to 2BCL5 across all years.
The shape of the AWARE curves matches well with the shape of the 2016 2BCL5 curve.
This suggests that the geophysical variation in 2BCL5 is not the cause of the difference in
cloud occurrence between 2BCL5 and AWARE.
What is interesting about the geophysical interannual variability for 2BCL5 is the possi-
ble presence of a limit in the amount of cloud detected below an altitude of 1 km. Figure
4.10 shows that cloud occurrence decreases rapidly at this level, where the 2011 sub-figure
illustrates a darkening at the lower portion of the sub-figure. This indicates that the cloud
occurrence profiles show the same amount of cloud at this level across all years, seemingly
independent of the amount of cloud detected above. This darkening is not just limited to
November and can be seen across the other months.
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Figure 4.10: Geophysical variability of the 2BCL5 cloud occurrence between 2006 and 2017
for the month of November. The target year is indicated by the filled blue curve with the
grey lines representing the profiles from the other sub-figures. The total amount passes over
McMurdo and days in the month with 2BCL5 measurements are annotated at the top of
each sub-figure. AWARE data is only available in 2016 as represented by the red dashed
curve, highlighted on each plot for comparison.
Similar figures were made for the other months, the results of which are summarized in
Figure 4.11. It displays a box and whisker diagram showing the geophysical interannual
variability in 2BCL5 cloud occurrence across each month for 3 km altitude bins, as well as
the cloud averaged across all altitudes (0 km - 12 km). The 0 km to 3 km altitude bin is
split because of important differences in the cloud occurrence below and above 1 km. The
black boxes represent the six individual months of overlapping AWARE and 2BCL5 data.
In order from left to right the boxes represent the months of January, March, September,
October, November, then December. The green line represents the monthly mean for the
2016 AWARE data and the purple line the monthly mean for the 2016 2BCL5 data. The
means were calculated by summing the average cloud occurrence in each altitude bin, us-
ing the monthly cloud profiles for 2BCL5 and AWARE during 2016, as shown on Figure 4.10.
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Figure 4.11: Geophysical interannual variability (2006 - 2017) in 2BCL5 cloud occurrence
between different altitude bins across each month. It designates the median (thick line), 1st
and 3rd quartiles (box’s edges), 5th and 95th percentiles (whisker’s edges), mean (dotted
line), and outliers (circles). The green line represents the monthly mean for AWARE during
2016 and the purple line the monthly mean for 2BCL5 during 2016. In order from left to
right the boxes represent the months of January, March, September, October, November,
then December.
Between an altitude of 0 and 1 km there is low variability between years, although September
stands out with the greatest variability. This contrasts to the highest variance between 1 and
6 km, with a 20% to 40% difference between the maximum and minimum cloud occurrence.
In all cases 2BCL5 sees more cloud at high altitudes and less cloud at low altitudes com-
pared to the 2016 AWARE. That this is present across all years suggests the failure to detect
cloud at certain altitudes are limitations of the instruments; satellite instruments close to
the ground and ground based instruments higher in the atmosphere. Differences between
2BCL5 and AWARE can not be explained by the geophysical variability in 2BCL5.
Comparing the 2016 2BCL5 data to the 2BCL5 variability between 2006 and 2017 for each
month, cloud occurrence falls within the bounds of annual variability. There is only one time
the cloud occurrence for a month and altitude bin falls outside the whisker’s edges (5th/95th
percentiles). March 0 km to 1 km shows a higher cloud occurrence than observed during
other years, which corresponds to the outlier on Figure 4.11. This can be explained due
to low sampling where 2BCL5 only has measurements for a third of the month, with the
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majority of the other years sampling above two-thirds of the month. Looking at the cloud as
a total, only January and October fall outside the 1st and 3rd quartiles with the remaining
months representing the average across all years well.
As a whole AWARE data for 2016 falls within the 2BCL5 annual variability, matching close
to the median during September, October, and November. When you break this into the
altitude bins there is still relatively good matching between 1 km and 6 km. Outside this
range the agreement is poor. Below 1 km AWARE detects more cloud across all months.
Above 6 km AWARE detects less cloud, with almost no cloud detected above 9 km.
Although 2016 2BCL5 measurements fall within the interannual variability, the way the cloud
varies between months has a better match with the 2016 AWARE measurements. This is
evident below 1km; 2BCL5 has a much lower cloud occurrence compared to AWARE, yet
cloud occurrence still changes in the same way from month to month. Where AWARE shows
an increase or decrease so does 2BCL5. During March 2BCL5 shows an outlier that falls
outside the interannual variability for the other years. AWARE represents this well, also
showing the highest cloud occurrence during March compared to the other months. This
suggests that the 2BCL5 can still get cloud information below this level, albeit at a reduced
quality compared to AWARE. It also reinforces that differences between 2BCL5 and AWARE
can not be explained by the geophysical variability in 2BCL5.
4.2.5 Comparing satellite and ground based cloud occurrence ra-
tios
2BCL5 and DARDAR cloud detections compared to AWARE
Figures 4.7 and 4.11 show that 2BCL5 underestimates cloud at low altitudes compared to
AWARE, but does not quantify how much. To identify if there was a pattern between the
two, the relative values for the cloud occurrence between 2BCL5 and AWARE were inves-
tigated. Cloud profiles for both AWARE and 2BCL5 for each pass over McMurdo Station
during 2016 were considered separately. At each altitude the values for the cloud occurrence
of each dataset were compared to get a ratio between the two.
When looking at the ratio between the satellite and ground based observations, there are
times where both detect cloud and a comparison can be made. But there are also times
where either AWARE or 2BCL5/DARDAR will have a cloud observation unseen by the
other, which needs to be assessed. Across the 194 2BCL5/DARDAR passes over McMurdo,
the frequency of these detections were investigated. Figure 4.12 shows a comparison between
2BCL5 and AWARE where either one, both, or neither dataset detects any cloud as a func-
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tion of altitude. The sum of all four subplots add to 100%, as they cover all cases of cloud
detection.
Figure 4.12: Frequency of 2BCL5 and AWARE cloud detections as a function of altitude for
(a) AWARE has a cloud detection but 2BCL5 does not (b) 2BCL5 has a cloud detection but
AWARE does not (c) Both AWARE and 2BCL5 have a cloud detection (d) Neither 2BCL5
or AWARE have a cloud detection.
Figure 4.12a shows that above 1 km AWARE will detect cloud that 2BCL5 does not approx-
imately 10% of the time. However, below 1 km AWARE starts to detect greater amounts of
cloud unseen by 2BCL5, up to 53%. This further highlights that the satellites are unable to
see this cloud. Figure 4.12b shows that 2BCL5 detects cloud unseen by AWARE at a fre-
quency of 10% - 20% up to an altitude of 7 km. After this the frequency falls off as AWARE
observations are fewer. While 2BCL5 only cloud detections would be expected above 6 km
- 7 km as the cloud occurrence for AWARE falls off (See Figure 4.5), it is surprising that
2BCL5 continues to detect cloud unseen by AWARE consistently down to the ground. This
suggest either limitations in AWARE where the radar/liar instruments are not seeing the
cloud, or issues with 2BCL5 where false positives in the radar/lidar signals are detected.
Figure 4.12c shows that starting from an altitude of 9 km, the frequency where AWARE
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and 2BCL5 both detect a cloud increases as you move toward the ground. It peaks at 42%
at an altitude of 2 km then below 2 km it decreases sharply. This subplot resembles what
is seen in for the cloud occurrence (Figure 4.7e-h) and suggests that the frequency of cloud
detecting between 2BCL5 and AWARE is greater for increases cloud occurrence.
Figure 4.13 shows that same analysis as for Figure 4.12 but for a comparison between DAR-
DAR and AWARE. The subplots show the frequency of where either one, both, or neither
dataset detects cloud as a function of altitude.
Figure 4.13: Frequency of DARDAR and AWARE cloud detections as a function of altitude
for (a) AWARE has a cloud detection but DARDAR does not (b) DARDAR has a cloud
detection but AWARE does not (c) Both AWARE and DARDAR have a cloud detection (d)
Neither DARDAR or AWARE have a cloud detection.
Figure 4.13a shows that above 1 km AWARE will detect cloud that DARDAR does not
approximately 10% of the time. However, below 0.8 km the frequency where only AWARE
has a cloud detection rises to a peak of 44%. Like for 2BCL5 this highlights the satellites are
unable to see cloud below 1 km. Figure 4.12b shows that between 1 km and 7 km DARDAR
detects cloud unseen by AWARE at a frequency of 10% - 20%. Above 7 km the frequency
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lowers to below 10% as AWARE observations become fewer. Below 1 km the frequency
increases to a maximum of 25% of DARDAR passes detecting a cloud unseen by AWARE.
Once again this suggest instrumental limitations in AWARE or issues with DARDAR where
false positives in the radar/lidar signals are detected. Figure 4.13c displays a comparable
profile to Figure 4.7a-d where both DARDAR and AWARE detect peaks in the cloud occur-
rence at an altitude of 2 km before decreasing.
Both 2BCL5 and DARDAR shows similar comparisons with AWARE, with some differences.
In order to quantity this, Figure 4.14 shows differences between the frequency of cloud de-
tections displayed on Figure 4.13 for DARDAR and on Figure 4.12 for 2BCL5.
Figure 4.14: Differences between the frequency of cloud detections displayed on Figure 4.13
and on Figure 4.12 for (a) AWARE has a cloud detection but 2BCL5/DARDAR does not
(b) 2BCL5/DARDAR has a cloud detection but AWARE does not (c) Both AWARE and
2BCL5/DARDAR have a cloud detection (d) Neither 2BCL5/DARDAR or AWARE have a
cloud detection. A positive difference means that the DARDAR comparison shows a greater
frequency than the 2BCL5 comparison.
It shows an apparent coupling between Figure 4.14a for the AWARE only cloud detections
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and Figure 4.14c for where both have cloud detections. Above 1 km DARDAR and 2BCL5
show good agreements but below 1 km DARDAR there is a big difference between the two.
Figure 4.14a shows that 2BCL5 shows 10% - 15% more cases where only AWARE detects a
cloud, mirrored by Figure 4.14c where DARDAR shows 10% - 15% more cases where both
detect cloud. This suggests that DARDAR agrees much better with AWARE than 2BCL5
below 1 km, while the two have comparable matches elsewhere.
Figure 4.14 also show a coupling between Figure 4.14b where only 2BCL5/DARDAR de-
tects cloud, and Figure 4.14d where neither the satellite or ground based instruments have
a cloud detection. Above 1 km 2BCL5 and DARDAR show small differences of up to 7%.
Below 1 km the differences between the two increases to 10% - 15%. Figure 4.14b shows
that DARDAR has a greater amount of detections where AWARE does not see cloud than
2BCL5. This is mirrored by Figure 4.14d where 2BCL5 shows a greater amount of detections
where both 2BCL5 and AWARE do not detect any cloud. This suggests that DARDAR is
detecting noise in the radar/lidar signals close to the ground as cloud and has a 10% - 15%
larger false positive rate than 2BCL5.
Figure 4.14a/c show that DARDAR agrees better with AWARE below 1 km than 2BCL5,
but this may be due to a greater cloud occurrence in DARDAR rather than an improved
match with AWARE. In part, the ratio between the satellite and ground based measure-
ments that both show cloud will be compared to determine whether the increased amount
of DARDAR observations matches any better with AWARE than 2BCL5.
Cloud occurrence ratio of 2BCL5 and AWARE
Figure 4.15 shows the ratio of 2BCL5 to AWARE cloud occurrence as a function of altitude
across the 194 passes that both 2BCL5 and DARDAR detected. Places where either 2BCL5
or AWARE do not detect cloud have been excluded. The ratio of cloud occurrence is plotted
on a natural logarithmic scale to set an equal amount of 2BCL5 and AWARE cloud to a
value of zero. Frequency of the ratio measurement at each altitude is also plotted using a
logarithmic scale. This highlights some of the finer details overpowered by the prominent
features when using a linear scale. A red line that represents the median value at each
altitude is also displayed.
The median logarithmic ratio displays a period of agreement between 1.5 km and 4.5 km.
Here the median value of zero means both 2BCL5 and AWARE are observing the same
amount of cloud. However, there is a large spread of values, which indicates that although it
may be likely for the two to observe similar cloud profiles this is not always the case. While
the contour shows a 2BCL5/AWARE ratio of 0 remains the most common occurrence down
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Figure 4.15: The ratio between 2BCL5 and AWARE cloud occurrence at different altitudes
for overlapping daily cloud occurrence profiles during 2016. The ratio and frequency are
shown on a logarithmic scale. The red line represents the median value at each altitude.
to an altitude of 1 km, below 1.5 km the median shows two starting to disagree; 2BCL5
underestimates compared to AWARE. The median logarithmic ratio decreases to -1.5 at 0.8
km, corresponding to an underestimation in 2BCL5 of 80% compared to AWARE. It then
improves slightly to a median logarithmic ratio of -1, corresponding to an underestimation
of 66%, before decreasing below after 0.25 km. Above 4.5 km the two also begin to disagree,
but AWARE begins to underestimate compared to 2BCL5. After steadily decreasing the
median logarithmic ratio stabilises and fluctuates around 0.5 to 1 up to an altitude of 7.5
km, corresponding to an underestimation in AWARE of 40% to 66%. Above this height
there is little consistency as AWARE has difficulties detecting any cloud.
Cloud occurrence ratio of DARDAR and AWARE
The same comparison could also be completed between AWARE and DARDAR. Figure 4.16
shows the ratio of DARDAR to AWARE across the same 194 CloudSat/CALIPSO passes
over McMurdo Station during 2016. Like before, the ratio of cloud occurrence and the fre-
quency are plotted on a natural logarithmic scale and the red line represents the median
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value at each altitude.
Figure 4.16: The ratio between DARDAR and AWARE cloud occurrences at different alti-
tudes for overlapping daily cloud occurrence profiles during 2016. The ratio and frequency
are shown on a logarithmic scale. The red line represents the median value at each altitude.
As in the case of the 2BCL5/AWARE comparison, there is a period of agreement between
DARDAR and AWARE. It starts at 1.5 km and extends further to an altitude of 6 km al-
though the logarithmic median values are much noisier. Like 2BCL5 there is a large spread
of values, but the most common logarithmic ratio of 0 dominates down to an altitude of 0.5
km. DARDAR starts to underestimate compared to AWARE below 1.5 km. The median
logarithmic ratio drops sharply to -0.5 at 500 m, corresponding to an underestimation in
2BCL5 of 40% compared to AWARE. It then steadily decreases from there down to the
ground. Above 6 km the two begin to disagree with AWARE underestimating compared to
DARDAR. The median logarithmic ratio fluctuates between 0 - 1 up to an altitude of 8 km,
corresponding to an underestimation of 0% to 66%. At higher altitudes it begins to change
rapidly as less profiles are available to determine the median.
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2BCL5/AWARE and DARDAR/AWARE median logarithmic ratios
Comparing 2BCL5 and DARDAR together, profiles for the median logarithmic ratio from
Figures 4.15 and 4.16 are displayed together on Figure 4.17. The 2BCL5/AWARE median
is shown in blue and the DARDAR/AWARE ratio is shown in red. Both 2BCL5 and DAR-
DAR compared to AWARE have three prominent regions; A region where the satellite likely
underestimates close to the ground, a region where the ground based instruments likely un-
derestimate at higher altitudes, and a region of agreement in the middle.
Figure 4.17: The median logarithmic ratio between 2BCL5/AWARE (blue) and DAR-
DAR/AWARE (red) taken from Figures 4.15 and 4.16.
Below 1.5 km both 2BCL5 and DARDAR likely underestimate compared to AWARE. Closer
to the ground, it would be expected that DARDAR is able to match better with AWARE
than 2BCL5, because DARDAR sees more cloud below 1 km; This is not the case. Although
Figure 4.16 shows a stronger amount of matching profiles to a lower altitude for DARDAR
than 2BCL5, Figure 4.17 shows the place where the logarithmic median starts to deviate is
the same for both DARDAR and 2BCL5. Even though DARDAR sees more cloud below 1
km than 2BCL5, it is not seeing any better than 2BCL5 compared to AWARE. Earlier in the
chapter it was shown that DARDAR has a higher occurrence of detections that were seen by
AWARE, as well as cloud detections only seen by DARDAR (Figure 4.14). This reinforces
that DARDAR is detecting false positives in the lidar/radar signals and interpreting noise
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close to the ground as cloud incorrectly.
For the matching region in the middle, 2BCL5 shows a much better match with AWARE
than DARDAR does. 2BCL5/AWARE is in agreement between 1.5 km and 4.5 km and
for the most part shows an equal amount of cloud. DARDAR matches best with AWARE
between 1.5 km and 6 km, extending further than 2BCL5, but the match is not as good.
Only in a few places does the median logarithmic ratio show equal amount of cloud between
DARDAR/AWARE. It does not show comparable amounts for an altitude range greater
than 0.5 km, unlike the 2BCL5/AWARE case.
Above the matching region at altitudes greater than 6 km, the median shows that both
DARDAR and 2BCL5 overestimate compared to AWARE, but this is more likely to be at-
tributed to AWARE being unable to detect the cloud accurately rather than the satellites.
The reason the median logarithmic ratio is variable at high altitudes and close to the ground
in both is that not all passes can be compared at all heights. If either the ground or satellite
based instrument does not detect any cloud the ratio is unable to be compared, even if the
other instrument does get a cloud detection. Figures 4.12 and 4.13 shows that at altitudes
above 7 km the proportion of profiles that can be compared falls below 10%. This causes
the underestimation of 2BCL5/AWARE and DARDAR/AWARE at high and altitudes to
be worse than displayed, due to a higher proportion of incomparable profiles. Below 1 km a
similar pattern is observed where the amount of profiles that can be compared drops as the
satellites are unable to observe cloud detected by AWARE.
Histograms of 2BCL5/AWARE and DARDAR/AWARE
Histograms were made to sample the distributions of the logarithmic ratio at altitude ranges
representative of the three regions for both 2BCL5/AWARE and DARDAR/AWARE. Figure
4.18 shows the distribution for 2BCL5/AWARE cloud occurrence at altitude ranges of (a) 7
km - 10 km (b) 3 km - 4 km and (c) 0 km - 1 km. The proportion of profiles between the
satellite and ground base instruments that can be compared are annotated on each subplot.
This was calculated by averaging Figure 4.12c between the appropriate altitude range.
Figure 4.18a shows between 7 km to 10 km there is a distribution that is skewed to the
right, causing a tendency for a positive logarithmic ratio and underestimation of AWARE
compared to 2BCL5. Figure 4.18b shows a distribution with an even spread between positive
and negative logarithmic ratios but a large peak at a value of 0. Most of the time at 3 km to
4km both 2BCL5 and AWARE are detecting similar amounts of cloud. Figure 4.18c shows
that under 1 km the distribution is skewed to the left, with a tendency towards negative
logarithmic ratio values. This causes an underestimation of 2BCL5 compared to AWARE.
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Figure 4.18: Histograms showing the distribution of the logarithmic ratio of 2BCL5/AWARE
cloud occurrence for (a) 7 km to 10 km, (b) 3 km to 4 km and (c) 0 km to 1 km. The
proportion of profiles that can be compared is annotated on each subplot.
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The 2BCL5 histograms also show the availability of data at each altitude range. Between
3 km and 4 km shows the most data, at 28.9% . This decreases substantially below 1 km
where only 19.1% of passes between AWARE and 2BCL5 are available have comparable mea-
surements. Between 7 km to 10 km only 3.6% measurements are available, even though the
altitude range is the highest. This explains the large variability in the median logarithmic
ratio in Figure 4.15, as not as many profiles are available to be averaged.
Figure 4.19 shows histograms for the DARDAR/AWARE at the same altitude ranges. The
proportion of profiles that can be compared is derived from Figure 4.13. Figure 4.19a shows
a distribution between 7 km to 10 km that is not skewed, compared to what Figure 4.18a
shows. DARDAR has a peak around a logarithmic ratio above 0 with a wide spread of val-
ues. Figure 4.19b shows a similar distribution to Figure 4.18b, with an even spread between
positive and negative logarithmic ratios but with a larger spread around the large peak at a
0. Figure 4.19c shows the distribution is skewed to the left, the same as in Figure 4.18c for
the 2BCL5/AWARE comparison.
For the proportion of measurements that are available to be compared Figure 4.19a shows
an availability between 7 km - 10 km of only 3.0%, comparable to Figure 4.18a which shows
3.6%. Figure 4.19b shows a high availability of measurements at 28.4%, comparable to the
28.9% of 4.18b. The biggest difference comes in Figure 4.19c with 26.2% , much greater
than the 19.1% seen in Figure 4.18c. This again shows that while the DARDAR/AWARE
comparison is much more complete below 1 km, it does not detect the cloud any better than
the 2BCL5/AWARE comparison.
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Figure 4.19: Histograms showing the distribution of the logarithmic ratio of
2BCL5/DARDAR cloud occurrence for (a) 7 km to 10 km, (b) 3 km to 4 km and (c) 0
km to 1 km. The proportion of profiles that can be compared is annotated on each subplot.
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Statistical analysis of 2BCL5/AWARE and DARDAR/AWARE
The ratios of 2BCL5/AWARE and DARDAR/AWARE show differences/similarities in their
distributions at different altitude ranges. In order to quantify this, statistical tests were
carried out between the histograms produced in Figures 4.18 and 4.19.
A t-test was used to compares difference between the means of the 2BCL5/AWARE and
DARDAR/AWARE histograms using the mean, standard deviation and number of samples
in each distribution. The t-test produces a t-statistic (t) and a probability value (p). A higher
t-value indicates greater differences between the means. The p-value indicates whether the
means of the two distributions are likely the same. If the p-value is less than a predefined
significance level (α), then the two means are different. The significance level was chosen to
be 5%, or α = 0.05. The results of the t-test are shown in Table 4.1, run by comparing the
means and standard deviations of distributions representing the same altitude ranges from
Figures 4.18 and 4.19.
t-value p-value
0 km - 1 km 2.37 0.018
3 km - 4 km 0.06 0.949
7 km - 10 km 1.29 0.197
Table 4.1: Results of the t-test test comparing the histograms generated in Figures 4.18
and 4.19. The t-value indicates differences between the means and the p-value indicates the
probability that the distributions are the same.
To determine whether the means of 2BCL5/AWARE and DARDAR/AWARE are statisti-
cally similar for different altitude ranges, the p-values produced from the t-test are compared
to the significance level of α = 0.05. Table 4.1 shows that between 0 km - 1 km the means are
statistically different, with a p-value of p = 0.0018 being less than the significance level of α
= 0.05. Between 3 km - 4 km and 7 km - 10 km, with p-values of p = 0.949 and p = 0.197
respectively, the means between 2BCL5/AWARE and DARDAR/AWARE are statistically
similar.
A Kolmogorov–Smirnov (K-S) test was also used to compare whether the two distributions
of 2BCL5/AWARE and DARDAR/AWARE are the same. The K-S test produces a K-S
statistic (D) and a probability value (p). The D-value indicates the greatest distance be-
tween the two distributions, with a higher D-value meaning a greater distance. The p-value,
as for the t-test, indicates whether the two distributions are likely the same. If the p-value
is less than a predefined significance level (α), then the two distributions are different. The
significance level was chosen to be 5%, or α = 0.05. The results of the K-S test are shown
in Table 4.2. The K-S test used the same input as the t-test, comparing the distributions
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representing the same altitude ranges from Figures 4.18 and 4.19.
D-value p-value
0 km - 1 km 0.168 2.18x10-5
3 km - 4 km 0.0975 0.0417
7 km - 10 km 0.0875 0.0884
Table 4.2: Results of the K-S test comparing the histograms generated in Figures 4.18 and
4.19. The D-value indicates the greatest difference between the distributions and the p-value
indicates the probability that the distributions are the same.
The p-values produced from the K-S test are compared to the significance level of α = 0.05,
to determine whether the distributions of 2BCL5/AWARE and DARDAR/AWARE are sta-
tistically similar for different altitude ranges. Table 4.2 shows that between 0 km - 1 km
the distributions are the statistically different, with a p value of p = 2.18x10-5 being much
less than the significance level of α = 0.05. Between 3 km - 4 km the distributions are also
statistically different, as the p value of p = 0.0417 is still lower than the significance level.
Between 7 km - 10 km the distributions between 2BCL5/AWARE and DARDAR/AWARE
are statistically similar, with a p-value of p = 0.0884 being greater than the 0.05 significance
level.
Summary and Conclusions
Investigating the ratio of cloud occurrence at different altitudes, 2BCL5 and DARDAR show
different levels of correspondence with the AWARE ground based observations. Both show
three prominent regions; A region which can be interpreted as the satellite observations
underestimating, a region which can be interpreted as the ground based observations under-
estimating, and a region between the two where the satellite and ground based measurements
are in agreement.
2BCL5 and AWARE agree between 1.5 km and 4.5 km while DARDAR and AWARE agree
between 1.5 km and 6 km. Although DARDAR has a longer range of agreement, Figure 4.17
shows that 2BCL5 has the stronger match with AWARE. The 2BCL5/AWARE logarithmic
ratio median shows a much smoother line that stays closer to an equal amount of cloud than
the DARDAR/AWARE median that only shows equality between DARDAR and AWARE
in a few places. Histograms displaying the distribution of the logarithmic ratio between
3 km and 4 km show that 2BCL5/AWARE has a tighter distribution compared to DAR-
DAR/AWARE. Between 3 km - 4 km the t-test shows that the means of 2BCL5/AWARE
and DARDAR/AWARE are statistically similar, wheres the K-S test shows that the dis-
tributions are statistically different. Figure 4.18b and Figure 4.19b shows that both the
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2BCL5/AWARE and DARDAR/AWARE distributions between 3 km - 4 km are dominated
by peaks at logarithmic ratio of 1. This offers an explanation as to why the means are
statistically similar in the t-test. With the distributions however, 2BCL5/AWARE shows
much less spread. 2BCL5 is overall better when compared to the AWARE dataset, where
the statistical test show the differences between 2BCL5 and DARDAR in their distributions
are statistically significant, if not the mean.
Below 1.5 km neither satellite dataset matches well with AWARE; Figure 4.17 shows the
median logarithmic ratio falls off under an altitude of 1.5 km for both the 2BCL5/AWARE
and DARDAR/AWARE comparisons. One would expect that DARDAR is able to match
better with AWARE closer to the ground than 2BCL5 due to the increased amount of cloud
observations below 1km in the DARDAR dataset, as seen in Figure 3.15. Instead histograms
of Figure 4.18c and Figure 4.19c show that both DARDAR and 2BCL5 have distributions
that are skewed to the left, although DARDAR has a greater amount of comparisons with
AWARE below 1 km. Between 0 km - 1 km the t-test and K-S test show that both the
means and distributions of 2BCL5/AWARE and DARDAR/AWARE are statistically differ-
ent. Even though they are statistically different both underestimate compared to AWARE.
DARDAR sees more cloud below 1 km than 2BCL5, but is not observing any better com-
pared to AWARE than 2BCL5 is.
Above 7 km neither 2BCL5 or DARDAR does a good job matching with AWARE. Fig-
ure 4.17 shows the median logarithmic ratio for both DARDAR and 2BCL5 overestimates
compared to AWARE, but this is more likely to be attributed to AWARE being unable
to detect the cloud accurately rather than the satellites overestimating cloud. This hap-
pens because ground based lidar signal will attenuate and the radar signal has limitation
detecting mid-level ice clouds. The histograms of Figure 4.18a and Figure 4.19a show that
2BCL5 has a distribution that is skewed to positive values while DARDAR has a more even
distribution spread to both positive and negative values. Between 7 km - 10 km, the t-test
and the K-S test show that both the means and distributions of 2BCL5/AWARE and DAR-
DAR/AWARE are statistically similar. Both 2BCL5 and DARDAR compare poorly with
AWARE in this region. That both are seeing similar distributions further highlights the
limitations of AWARE at high altitudes, rather than the satellites seeing the same amount
of cloud; Figure 4.8 shows that 2BCL5 observes more high level cloud than DARDAR in all
cases.
When comparing with AWARE, 2BCL5 has shown itself to be a more representative dataset
than DARDAR. While both 2BCL5 and DARDAR match poorly with AWARE at high and
low attitudes, 2BCL5 has the better matching region between 1.5 km - 4.5 km. The K-S test
shows that differences between 2BCL5/AWARE and DARDAR/AWARE during the match-
ing region are statistically significant.
89
4.2.6 Comparing 2BCL5 and DARDAR cloud occurrence ratios
Cloud occurrence ratios for 2BCL5 and DARDAR can also be compared. The ratio of 2BCL5
to DARDAR cloud occurrence across the coincident CloudSat/CALIPSO passes is displayed
on Figure 4.20. As for the comparison with AWARE, the ratio of cloud occurrence and the
frequency are plotted on a natural logarithmic scale and the red line that represents the
median value at each altitude.
Figure 4.20: The ratio between 2BCL5 and DARDAR cloud occurrences at different altitudes
for overlapping daily cloud occurrence profiles during 2016. The ratio and frequency are
shown on a logarithmic scale. The red line represents the median value at each altitude.
DARDAR consistently underestimates compared to 2BCL5 above 1 km, with the underes-
timation increasing to 66% at 7 km. The spread of the logarithmic ratio shows only a few
instances above 1 km where DARDAR detects more cloud compared to 2BCL5. Below 1 km
the distribution broadens with both 2BCL5 and DARDAR showing more cloud at different
altitudes. You would expect DARDAR to show greater levels of cloud below 1km compared
to 2BCL5 as it detects more cloud at these altitudes (See Figure 3.15). This shows that the
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extra cloud DARDAR sees is not detected by 2BCL5, and further suggests that DARDAR
has a greater level of false cloud detections.
4.2.7 Comparing liquid phase cloud occurrence ratios
Something that could not be determined when comparing 2BCL5 to DARDAR was how
well each was determining cloud phase. 2BCL5 shows a spread of ice, mixed and liquid
phase cloud while DARDAR mostly classifies cloud as ice or liquid phase with little mixed
phase cloud. As discussed earlier in the chapter, comparisons with AWARE are difficult due
to a large part of the AWARE cloud being classified as an “unknown” phase. Only liquid
phase cloud could be compared and did not show a consistent match between the satellite
and ground based measurements, as seen in Figure 4.7. This was confirmed by producing
contour plots showing ratio of 2BCL5 to AWARE cloud occurrence as a function of altitude
as produced for the total cloud. Figure 4.21 shows the liquid cloud comparison for 2BCL5
and Figure 4.22 shows the same for DARDAR. There is no consistent match between the
liquid phase cloud observed by AWARE and 2BCL5/DARDAR.
Figure 4.21: The ratio between 2BCL5 and AWARE liquid cloud occurrences at different
altitudes for overlapping daily cloud occurrence profiles during 2016. The ratio and frequency
are shown on a logarithmic scale.
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Figure 4.22: The ratio between DARDAR and AWARE liquid cloud occurrences at different
altitudes for overlapping daily cloud occurrence profiles during 2016. The ratio and frequency




5.1 Comparing results with previous observational stud-
ies
It was found that both 2BCL5 and DARDAR compared with AWARE underestimate cloud
occurrence close to the ground. The satellite and ground based comparisons then have a
region of agreement before 2BCL5 and DARDAR begin to observe more cloud compared to
AWARE. Overall results from Chapter 4 show that 2BCL5 does a better job at matching
with AWARE than DARDAR does. The obtained results from this study can be compared
with the results from similar studies comparing satellite and ground based observations of
cloud.
Protat et al. (2014) compared the differences in the frequency of occurrence and radiative ef-
fect of clouds between satellite and ground based measurement over Darwin, Australia. They
used the 2B-GEOPROF-lidar satellite observations as well as millimeter wavelength cloud
radar and the micropulse lidar measurements from the Atmospheric Radiation Measurement
(ARM) site in Darwin. They found that the satellite observations under-report hydrometeor
occurrence below altitudes of 2 km. This was not quantified in their study, which was more
concerned with the underestimation of high level cirrus clouds by ground based observations.
Blanchard et al. (2014) used lidar and radar measurements from the ground and space to
combine and assess their detection efficiency over the Eureka site in the Arctic. Ground
based observations were taken by a millimeter wavelength cloud radar and high resolution
spectral lidar. Satellite observations were compared using DARDAR, as well as CloudSat
2B-GEOPROF and CALIPSO cloud and aerosol layer measurements that did not combine
the radar/lidar together. Comparing 267 passes over Eureka between 2006 to 2010 they
found that CloudSat and DARDAR matched well with the Eureka measurements between
2 km and 6 km. CALIPSO lidar measurements only matched well between 5 km and 6 km.
Below 2 km all satellite datasets underestimated compared to Eureka, with DARDAR per-
forming the best. Above 6 km DARDAR and CALIPSO overestimated compared to Eureka,
while CloudSat underestimated. DARDAR matched well with CloudSat between 3 km and
5 km then well with CALIPSO above 5 km.
Mioche et al. (2015) looked into the variability of mixed phase clouds over the Svalbard
region in the Arctic. As a part of their study they compared DARDAR cloud occurrence
measurements to those obtained at Ny-Alesund using a micropulse lidar. They used an older
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version of DARDAR, v1.1.4. They found the DARDAR detects more cloud above 5 km, the
two agree between 5 km and 2 km, and DARDAR overestimates below 2 km compared to
the ground based measurements; This disagrees with findings in this study.
Y. Liu et al. (2017) investigated the cloud vertical distribution from using surface and space
observations of radar and lidar over two sites (Eureka and Barrow) in the Arctic. Ground
based measurements were taken using a Ka band radar and micropulse lidar/high resolution
spectral lidar similar to that used in the AWARE campaign. Satellite observation came from
the CloudSat and CALIPSO 2B-GEOPROF-LIDAR product. This is similar to 2BCL5, al-
though they were using an older version than what is currently available so results are not
directly comparable to what has been undertaken here. By looking at the differences in the
monthly means of cloud occurrence between 2006 and 2010, they found that cloud occur-
rence from space-based observations showed 25–40% fewer clouds below 0.5 km, comparable
cloud occurrences between 1 and 2 km, and larger cloud occurrences above 2 km than from
surface-based observations.
Alexander and Protat. (2018) used lidar based measurements at Cape Grim (41◦ S) com-
pared with DARDAR satellite data. They found that DARDAR underestimated cloud below
1.5 km by a factor of three. They used DARDAR v2.2.1, which is more comparable to DAR-
DAR v2.11 used in this study that the others. However, due to a lack of a cloud radar at
Cape Grim they filtered their dataset to exclude thick clouds that attenuated the lidar. This
included only low level single cloud layers where both the ground based lidar and DARDAR
cloud mask could detect both the cloud top and cloud base. While this gave the greatest
chance that both the surface lidar and DARDAR could fully determine the clouds unatten-
uated, their result likely underestimates the correction needed when accounting for thicker
multi-layer clouds.
Previous studies mostly show and underestimation of cloud by satellites compared to the
ground based measurements at low altitudes. Studies disagree on what point this under-
estimation starts, but this level will change depending on region, where the thickness and
heights of the cloud will vary. The observed threshold of 1.5 km matches well overall with
previous work. Only one study (Mioche et al., 2015) finds that the satellite overestimates
below 2 km compared to the ground based measurements. They authors associate this over-
estimate with different cloud determination algorithms and a dataset with a short duration.
Two studies quantified the underestimation of low level cloud by satellite observations.
Alexander and Protat. (2018) found underestimation of a factor of three while Y. Liu et al.
(2017) found underestimation of 25–40%. These studies disagree with what was found here,
where both 2BCL5 and DARDAR continue to underestimate close to the ground, with the
satellite seeing less than 20% of the cloud reported by AWARE. Reasons for the disagree-
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ment are possibly due to the methods used in each study. Alexander and Protat. (2018) only
included low level single cloud layers where both the ground based lidar and DARDAR mask
could detect the cloud top and cloud base. Their detections will not have full attenuation of
the lidar. Y. Liu et al. (2017) looked at the monthly means across four years of satellite and
ground based data. This is less direct than what has been undertaken in this thesis, which
looks at the specific passes over McMurdo. Methodology carried out in this study is superior
as it provides a more direct comparison between then satellite and ground based observations.
Blanchard et al. (2014) carried out the most comparable study to what has been completed
here, analysing more than one set of satellite observations with ground based measure-
ments. They used DARDAR in their comparison, but instead of using a secondary joint
CloudSat/CALIPSO product like 2BCL5 they considered CloudSat/CALIPSO observations
separately. This gave three datasets, the radar/lidar combined product of DARDAR, the
radar observations of CloudSat, and the lidar observations of CALIPSO. While their analysis
of the satellite and ground cloud occurrences agrees with the results presented here, they
also have a comparison between the satellite datasets. Below 1 km they find that DARDAR
and CALIPSO match well, while CloudSat falls off faster due to ground clutter. Between
1 km and 6 km DARDAR and CloudSat match well although CloudSat shows a greater
peak in cloud occurrence. Above 6 km DARDAR and CALIPSO match well and Cloud-
Sat underestimates. Overall DARDAR matches well with either CloudSat/CALIPSO at all
heights, which suggests DARDAR would agree well with 2BCL5. This does not match the
results found here, where DARDAR shows more cloud at low altitudes, but shows less cloud
elsewhere. A key difference in the datasets used is that an older version of DARDAR v1.1.4
was used in their study. It has been seen that the second version of DARDAR shows more
cloud close to the ground and less cloud elsewhere over the polar regions ( Delanoë & Hogan
2010). The difference in the DARDAR versions could explain the differences between this
study and Blanchard et al. (2014), as well as the changing conditions between McMurdo
Station and Eureka such as temperature, cloud coverage and geography.
5.2 Relating to research aims of the Deep South clouds
and aerosols project
Work carried out in this thesis was motivated by ongoing work in the clouds and aerosols
project of the Deep South National Science Challenge. One of the project’s goals is to
quantify the proportions of liquid, ice and mixed phase cloud above the Southern Ocean in
an effort to improve parameterizations of cloud phase in the NZESM. Initially the aim of
this thesis was to collect and compare satellite and ground based cloud observations to de-
velop a representation of the vertical structure of clouds and cloud phase over the Southern
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Ocean. This has not been achieved adequately for comparison with model output because
the datasets show large relative biases. However, we have been able to determine which
satellite datasets might be preferable for analysis with model data. In order to develop a
representative picture of cloud and cloud phase, the satellite and ground based observations
need to be joined together. The cloud occurrences for 2BCL5 and AWARE show promise for
a blended product where cloud occurrences from the two are combined together. However,
the cloud and aerosols part of Deep South is analysing clouds specifically, which 2BCL5 and
AWARE do not clearly resolve. 2BCL5/AWARE do not distinguish between cloud and pre-
cipitation, which might also limit their suitability. This suggests that more low-level cloud
observations will be important to constraining model runs. Even if the cloud occurrences
for all cloud could be joined, significant differences in the way cloud phase is determined
between the two. AWARE does not classify mixed phase cloud. While 2BCL5/DARDAR
do classify mixed phase cloud, they differ in the amount and distribution. Because of these
differences the cloud occurrences for the separate phases could not be matched together well
enough for sensible comparisons with model data. Raw radar/lidar measurements from both
ground and space based instruments might need to be processed together using consistent
algorithms to be able to accurately compare between the phases, which would be both time
consuming and computationally expensive. A better path might be to examine output from
the models using instrument simulators and comparing raw returns from the observations.
However, this would require significant work as the corresponding simulation of scatter be-
tween different types of particles (such as ice crystals and water droplets) would contain
significant uncertainties.
5.3 2BCL5 cloud layer statistics
One aspect this thesis touches on, but does not address, is the underlying assumption that one
of the reasons satellites have difficulties observing low level cloud due to lidar attenuation by
thick cloud layers. Figure 5.1 shows the median logarithmic ratio between 2BCL5/AWARE
for single and multiple cloud layers passes over McMurdo. This comparison could not be
carried out for DARDAR easily, as DARDAR does not produce cloud layer information.
While DARDAR is expected to have a different match with AWARE both have the same
assumption about lidar attenuation and both 2BCL5 and DARDAR see reduced cloud oc-
currences below 1.5 km. It therefore seems reasonable to assume that the result for the
2BCL5/AWARE comparison will be similar to the DARDAR/AWARE comparison. Figure
5.1 shows evidence that passes with single cloud layers have better agreement with AWARE
that multiple cloud layers. This backs up the underlying assumption that attenuation of the
lidar by multiple cloud layers is reducing the quality of comparison with AWARE. However,
below 1.5 km both single and multiple cloud show poor matching with AWARE. It shows
that even in cases where only a single cloud layer is observed, the low level satellites based
observations still struggles to match well with AWARE. This is a similar result to Alexander
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and Protat. (2018), where they exclude multiple cloud layers from their analysis and still
found an underestimate of the satellite observations compared to the ground based obser-
vations. Reasons for this include that single layer cloud may still partially attenuate the
lidar signal and the the radar signal will still be effected by ground clutter below 1.5 km
(Marchand et al., 2008; Tanelli et al., 2008). In order to get a full picture of the vertical
distribution of cloud, a combination of ground and satellite based measurements are needed
as the satellites are fundamentally unable to observe clearly down to the ground.
Figure 5.1: The median logarithmic ratio for 2BCL5/AWARE across single and multiple




Clouds play an important role in the climate. They cool the climate by reflecting incoming
solar radiation back into space. Clouds also absorb outgoing infrared radiation and re-
radiate it back towards the surface, trapping heat and causing the climate to warm. In order
to predict future climate it is important that climate models accurately represent clouds.
Currently climate models poorly represent cloud, which has been attributed to factors that
include simulating too little cloud cover and under-representing the amount of supercooled
liquid water in clouds. This leads to biases in the cloud radiative effect, which in turn causes
a positive shortwave radiation bias over the Southern Ocean in particular, where too much
sunlight is hitting the surface of the ocean. One of the results of the poor representation
of clouds and their feedback processes in the models are biases in the cloud radiative effect.
This causes a positive bias over the Southern Ocean in particular, where too much sunlight
is hitting the surface of the ocean. This thesis was undertaken with the aim of collecting
and comparing satellite and ground based observations of cloud to develop a representation
of the vertical structure of clouds and their phase over the Southern Ocean.
A comparison is undertaken between the 2BCL5 (Sassen et al., 2008) and DARDAR (Delanoë
& Hogan, 2010) satellite datasets, derived using CloudSat/CALIPSO observations. Cloud
observations are binned into five degree latitude regions and cloud occurrence, cloud frac-
tion and cloud phase measurement area derived for each region. These are used to derive
the global distribution of cloud as a function of latitude, altitude and cloud phase for both
DARDAR and 2BCL5. The two display differences in the amount of cloud and its parti-
tioning between the ice, mixed and liquid cloud phases. 2BCL5 detects more clouds than
DARDAR, except below 1 km where DARDAR shows a greater amount of cloud. 2BCL5
always detects more mixed phase cloud; DARDAR classifies these clouds as either ice or
liquid depending on geographical position. Ice and liquid cloud are well represented with
respect to constraints placed by the 0 ◦C and -38 ◦C isotherms, but mixed phase cloud is
poorly determined by both DARDAR and 2BCL5. DARDAR mixed phase cloud falls within
the isotherms well, but misses coverage over the tropics. 2BCL5 shows mixed phase cloud at
all latitudes, but 2BCL5 mixed phase cloud falls outside the isotherm ranges where both ice
and liquid phase cloud should not coexist. Due to differences in their cloud determination
2BCL5 will generalise a whole cloud as mixed phase cloud if it detects both ice and super-
cooled liquid water while DARDAR will classify the parts of cloud that are ice, liquid, and
mixed phase separately. While this offers an explanation to the differences it does not give
a clear picture of whether either one is better. Using external datasets to validate whether
2BCL5 of DARDAR is better proves difficult, as they tend to use observational products
related to 2BCL5/DARDAR that bias comparisons. The difference in cloud occurrence be-
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tween 2BCL5 and DARDAR is shown to be greatest over the Southern Ocean, while the
cloud fraction observations are in agreement. This gave motivation for the use of a ground
based dataset to validate the low level cloud detections of 2BCL5 and DARDAR.
To further assess whether 2BCL5 or DARDAR were more representative of cloud, ground
based observations taken over McMurdo Station during the 2016 AWARE campaign are
used (Silber et al., 2018). Satellite data is restricted to observations falling within a 5 degree
box centered on McMurdo, and AWARE observations are restricted to a three hour window
centred around a satellite overpasses. Satellite data is also constrained to passes that are
observed by both 2BCL5 and DARDAR. This means that individual passes are likely to be
comparing similar cloud structures.
Cloud occurrence profiles show that AWARE underestimates cloud occurrence compared to
2BCL5/DARDAR above 6 km - 7 km. Below 1 km DARDAR and 2BCL5 underestimates
compared to AWARE. Neither 2BCL5 or DARDAR do a consistent job detecting the liquid
phase cloud reported by AWARE, and the other phases can not be compared easily due
to differences in phase processing. Investigating the interannual variability between 2BCL5
and comparing it to AWARE finds that differences between 2BCL5 and AWARE cannot be
explained by the the geophysical variability in 2BCL5.
To quantify the differences between the 2BCL5/DARDAR and AWARE, the ratio between
the satellite and ground based observations are determined for each pass over McMurdo Sta-
tion at different altitudes. Comparisons between 2BCL5/AWARE and DARDAR/AWARE
show three prominent regions; A region where the satellite underestimates close to the
ground, a region where the ground based measurements underestimate at higher altitudes,
and a region of agreement in the middle. Between 3 km - 4 km 2BCL5 matches better
with AWARE than DARDAR does, appearing to be the more representative dataset. The
2BCL5/AWARE median logarithmic ratio median shows a smoother, tighter line that stays
close to an equal amount of cloud between the two. The DARDAR/AWARE median only
shows equality between DARDAR and AWARE in a few places, and has a much larger
spread during the matching region. Below 1.5 km neither satellite dataset matches better
with AWARE, even though DARDAR sees more cloud below 1 km than 2BCL5. DARDAR
seeing more cloud at low altitudes is likely be attributed to a greater amount of false positives
where DARDAR is classifying noise in the lidar/radar signal incorrectly as cloud. Above 7
km neither 2BCL5 or DARDAR does a good job matching with AWARE, which likely high-
lights the limitations of AWARE at high altitudes rather than the satellites seeing the same
amount of cloud. Overall 2BCL5 has shown itself to be a better match with AWARE than
DARDAR. While both 2BCL5 and DARDAR match poorly with AWARE at high (> 7 km)
and low (< 1.5 km) attitudes, 2BCL5 has the better matching range in the middle (1.5 km -
4.5 km). Statistical tests are completed to evaluate whether the means and distributions of
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2BCL5/AWARE and DARDAR/AWARE are different. The t-test indicated that between 3
km - 4km the means are statistically similar and the K-S test shows that differences between
2BCL5/AWARE and DARDAR/AWARE are statistically significant.
The obtained results from this study are found to be in agreement with similar studies com-
paring satellite and ground based observations of cloud, showing three prominent regions.
Most studies show an underestimation of the satellites observations compared to the ground
based measurements, followed by a period of agreement, then an underestimation of the
ground based observations. While the studies report different altitudes at which these three
regions occur, they all used different methodologies and are carried out over different ground
sites with varying geographic and atmospheric conditions.
There is future work that can be produced comparing satellite and ground based measure-
ments of cloud over the Southern Ocean. For the AWARE analysis as presented in this
thesis, the next step would be a blended product joining the cloud occurrences from both
AWARE and 2BCL5, as 2BCL5 is found to be the more representative dataset. Other work
includes incorporating more ground based sites in and around the Southern Ocean into this
analysis. As AWARE is only one ground based dataset it might not be representative of the
Southern Ocean as a whole. Further comparisons between new ground based observations
and 2BCL5/DARDAR would be used to verify whether 2BCL5 is the better dataset and
represents cloud better. In the discussion it was shown 2BCL5 passes over McMurdo Sta-
tion with single cloud layers compared better with AWARE than passes with multiple cloud
layers (Figure 5.1). Future work could include expanding on these initial findings to assess
the differences between single and multiple cloud layers for the DARDAR/AWARE analysis,
and a comparison could be drawn between the two. One of the areas of research that could
not be properly investigated during this study was the comparison of cloud phase, due to the
differing algorithms between 2BCL5, DARDAR and AWARE that process the observations.
What could be produced in the future is the creation of a new phase classification scheme





Quality of 2BCL5 observations
Figure A.1: Geophysical variability of 2BCL5 cloud occurrence between 2006 and 2017 for
the month of June. The target year is indicated by the filled blue curve with the grey lines
representing the profiles from the other sub-figures.
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Figure A.2: Geophysical variability of 2BCL5 cloud occurrence between 2006 and 2017 for
the month of September. The target year is indicated by the filled blue curve with the grey
lines representing the profiles from the other sub-figures.
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Figure A.3: Geophysical variability of 2BCL5 cloud occurrence between 2006 and 2017 for
the month of October. The target year is indicated by the filled blue curve with the grey
lines representing the profiles from the other sub-figures.
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Appendix B
Seasonal and latitudinal variations of 2BCL5 cloud oc-
currence
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Figure B.1: Profiles of cloud occurrence for different cloud phase derived form 2BCL5 data
over different latitudes and seasons for the Northern Hemisphere. The cloud occurrences
for liquid, mixed and ice phase cloud are given by the filled blue lines, as indicated by the
legend. The cloud fraction is annotated at the top of each sub-figure.
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Figure B.2: Profiles of cloud occurrence for different cloud phase derived form 2BCL5 data
over different latitudes and seasons for the Southern Hemisphere. The cloud occurrences
for liquid, mixed and ice phase cloud are given by the filled blue lines, as indicated by the
legend. The cloud fraction is annotated at the top of each sub-figure.
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Appendix C
2BCL5 latitudinal cloud occurrence during 2016
Figure C.1: Latitudinal distribution of cloud occurrence as a function of altitude for the
total cloud (a.) as well as the ice (b.), mixed (c.) and liquid (d.) phase clouds for 2BCL5




Figure D.1: Cloud occurrence for 2016 AWARE data as in Figure 4.6, but for all AWARE
observations unfiltered by the 2BCL5/DARDAR passes over McMurdo. Cloud occurrence
has been restricted to altitudes below 1.5 km
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Appendix E
2BCL5, DARDAR and AWARE cloud occurrences
Figure E.1: Mean vertical profiles of cloud occurrence for different cloud phases derived from
observations over McMurdo Station during March and September 2016. The dashed lines
represent the AWARE cloud occurrence and the filled curves represent DARDAR (a - d) and
2BCL5 (e - h) cloud occurrences. Each month as well as the number of passes are annotated
at the top of the figure. The purple lines represents the mean (solid) and maximum (dashed)




Figure F.1: Geophysical variability of the 2BCL5 cloud occurrence over McMurdo Station,
between 2006 and 2017 for the month of January.
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Figure F.2: Geophysical variability of the 2BCL5 cloud occurrence over McMurdo Station
between 2006 and 2017 for the month of March.
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Figure F.3: Geophysical variability of the 2BCL5 cloud occurrence over McMurdo Station
between 2006 and 2017 for the month of September.
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Figure F.4: Geophysical variability of the 2BCL5 cloud occurrence over McMurdo Station
between 2006 and 2017 for the month of October.
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Figure F.5: Geophysical variability of the 2BCL5 cloud occurrence over McMurdo Station
between 2006 and 2017 for the month of December.
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